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PRIPACE

This Lecure Series No.78, on the subject or Padiation Hazards, is sponsored by the
Aerospace Medical Panel of AGARD, and is implemented by the Consultant and Exchange
Pro•ramme,

During the last 2•S years ther has been a remarkable development and increse In the
number of processes and devices that utlibe or emit non-ionizing radiation which includes
ultra-violet, visible light, infrared, microwave, radlotrequency, ultrasound. Such devices
are used in all sectors of our society for military and industzil. tele,:' munications.

. nmedical and consumer applications. Although there is information ex. "ological effect-
and potential hazards to man from exposure to these energies, considaable confusion and
misinformation has permeated not only the public press but also some scientific and tech-
nical publications. Much of the confusion stems from misunderstanding of the fundamentals
of energy-tissue interaction, threshold phenomena, personnel exposure and product emission
staa•dards, such as those promulgated in the United Statet and adopted by the Western•i; Countries and Japan in contrast to the personnel expoure criteria of Ea•stern F~uropean

Countries. This series of Lectures by exi -th in the field provides a scientifically accurate.
authoritative review and critical analysis of the available information and concepts to give
a basis for informed judgements and judicious application of these energies for maximal
benefit and minimum risk or harard to man.

HA'•.I

i
4.



LIST OF SPE'AKERS

L.ucture Skc tDtrco'or Prtof. SNAt I~cha,,Ison

UrtI"Wret% of RkI~hC-N1Vr
RHo-hter, Ne%' York
USA

lit P.N,1,weli%
De'pt, ofl' Mehdical PhyKsi.

Bristol (ieneral Ihospital
Bristol
UK

Dr AW Guy
IDep. of' Physical Medicine and Rehahiiitation
Ulniversity' of Was•hingtlon

School of AMhidicine
Sealttle, Washing~ton

USA

Mr R.'Mitchell
lhief, Radiation Physics BranchRadiohiology Division
Dept. of the Air ForceU.AF School of Aerospace Medicine
Brooks Air Force Rase, Texas
USA

lrr (',RIill
Institute of C'ancer Research
De'pt. of Physics
Royal C-ancer Hlospital
Sutton, Surrey
UK

iV ,

I -.- ..----.



COWT1NTS

Ppw

PRni Atl I

1.151 O* SPtAKtRS i

IUOLN.0tit' AN'D PATHOPIIN*SIOL(X;W tTFFI CTS OF FXPOSURF To
M1IURO%AVIl ORt ULTRASONIL I'St-RUY AN4 CIVRVIIW

b) S.M.tk-halwi Im

PI' TIOPIIYSIOLO(JUt'AL AWPHTS 0: EXPOSUIRI h MICROWAVES

PHYSICAL ASPI-CTS ULTRA.SOUND)

NIOPHIYSICS NI-R&Y ABSORPTION %ND) DISTRIBU!TION

1I'LLC1RO,%IAt;.NETlC RAI)ATION: F.FUT~S ON THI FYI'

IINIX)CXRINU AND) CINTRAL ,NIRVOUIS SYSTUIM EIiI'CTh OFj
MtICROINAVLP(FXOSt]RF

AUD)ITORYSYTM
bý A.WG.(uyidCug-wn Co

DIOLO(X.ICAI. UFUC-l (sOF U LTR ASOUJND
by CR lull9

1AGUNEURPN(; CONSIDI, RATIONS AND' MFIASUR"IUMNTS
byA.W.(,U)

E.LLCTR.OlA(iNETItCINI I.Ri I RI N( I. OF UARI)IA(PACIMAKURS

bv i.c.mtilched 10
ON LIP SAFETY HAZARD)S

b%- A.W.Guy 111~~ PROTECTION GUII)IS AND) STAND)ARD)S FOR MICROWAVE EXPOSURI,
by S.M.M~ichaeson 12

BIIBLIOGRAPHY 11



81lolg1c and Pathaphysiologic tEffcts of tnponure to M11cruiwave

or Ultrasonic Energy An Overview

Sol M. Michoolsun
OniVertity Of hochialtil

School of Medicine end Dentistry
Department of Radiation liciouly and Bioph¶ysics

Rochestor. No" York 14642 U.S.A.

During the lost 30 years. the~e has been a retaerkablia development and Increase in the nufer of
pmeceNSeS4 and device% that utilize or emit non-ionigirig radiant eneigies such as micruiwaves, a forfm of
electromagnetic wave energy and ultrasound representative of mechanical vibration. The%* sinstriet. are vied
Im .ll sectors of our society for military, industrial, tolocoemani(cot ions, medical, and :onsumer applec.'
tions. More recently, tho use of ultrasound in biology and medicine has been corsitdeirably expended. Those
Increases in sources of rion-Ionizing radiant trergy have resulted in growing interett on the, part of govern-I
ment regfulatory agencies, oindustrial and military phsicians, research witrkers, cinicians.s and even environ-
Rnentlites. Althiough there. is information on biologic effects and potesntial hazards to Ner,e from *AWý sure
to microwaves or ultrasound, considerable confusion and misinformation he% permeated not only the pub~lic
press but also %or* sciertific. and techoical cublicationis.

Interest in the biologic effects of high frequency currents goes back to kne work of D'Arsonval
1893 (If who reported physiologic effects firom a device capable of delivering a frequency of see.rAl huntlred
tho-esisrd oscillations per %*cord. This was followed by the introduction of 'utahrwv"therapy itj
the earfly part of the twentieth century (2), Defore World War !). the development amd therapeutic appli-
cations of radiofrequency energy were further stimulated by the wourk of Schliephake (3). Rajewsky, Sc~haefer,
Schwan, and associates which i.; descr.bed in the publicaliuns by IlsjewSky 00i, Litielesn; (5. Petsold (6,.
and Malov (7). To obtain an appreciativi of the fundamenital %iork that was going on during this period,

review of thee publications is especially useful.I
fOuring the latter part of World War II, the U.S. military services becaome interested in the possible

hazards to personnel workirg around microwave sourceis,inn the Office of Naval Research of the U.S. Navv

Defense assigned the responsibility for tni-servire coordination of studies related to the biologic offecl~s
ar-d potential hazards of microwave exposure to the U.S. Air' Force. These studies contributed greatly to
a better understanding of the biologic effects of microwaves. Findings of~ trie tni-service prograri have been
revieoaid (8).

In 1966, the U.S. Bureau of Radiological Health sponsored a symixosium on the Biological Effects and
Health Implications of Microwave Radiation, in Richmond, Virginia. This Symposium was. held to provide an

indication of the state of knowledge in) the area of microwave health effects at that time. Subsequently,
several symposia4 have been held boths in the U.S. and the USSR on the general topic of the biological effectI

In October, 1471, the first tri.y international Symposium or, Biologic Effects and Health Hazards of
Microwave Radiation was held in Warsaw. vloland unda.' the sponsor-ship of the World Health Organization, U.S.5
Oepartnent of Mealt,, Education and Welfare, and the Scientific tuunci I to the Minister of Health and
Social Welfare. Polish Peoples Republic.

Ultrasound has not been studied. as a oaturally occurring phenomenon except for low-frwquency, low-ntensity
emanations of animal origin (9), The inoise spectra of jet propulsion devices contain a broaid range of
ultraslonic frequencies which were initially believed to be the basis fur the headaches, nausea, undue fatigue,
dizziness, and other cump'eii,'s reported by personnei "n,, worked in the j~et sound field. Subsequent research,
however, indicated no support for this belief, It was -.uggetsted that the ill effects were more probably due
to the tremendous intensities of sound, over 14,0 db, created in the audible ran"~ of freqi..encies by t0e jet
engine (10). Interest in the possible harhuful effects of ultrasound on man became highlighted when ultra-
sonic devices came into M 1 genitral use,

To provide a perspeictive or. the uses of microwave-. in ihe civi'iaii sector in the U.S. Villforth (11)
,,&% noted: about 425,000 micruwavi ov.-n% were in use, nistly civilian, in. 17. An estimated 15,000 short-
wave and 15,000 microwave diathormy devices were in use.. mostly ciy~iian, n l7. Approximately 120,000
microwiave comm~unications towers. eachi with r~vvral saparate so-.;rces, were in use at the end of 1972. approiti-
mately 75% civilian. Abonut 2 million peuplie are treated an~nually withi radiofrecioency (microwayo)diatherriy.
An additional 60.'000 people mia' be occupatiovall, expiu-ed in practitioner's offices and clinics. A siq'i-
fiCa&nt portion of tie total U.S. population of 200 trillion is exposisd in varying degrees to mnicrowaves from
cogmmunications devices; scowe individuals are C';41tnuall~y exp(sed. Occupational extposure to radar exiits in

the Armed Forces, FAA, civilian airlines, !tppiny, and other industries. 'the nuimbeir of micr,:iwavor davicies

comuiewnications. 250,000 towers will have- been conistirtcted Ohy 1976.
Inregard t- lrsncdvcs ilo~ 1)hs reported thtth r'e ao siite 00l cleaning
unt iin use in the U.S. Theise are used in a variety 0f industries and other non-houmw app' i'.JPions.

Approximately 50OO-ýhrc~iriliitilappliciati~ns weei s ttheen f17,!rgl
civiian.In 1970, there were approximately 3,000 medical diagnostic devices in .so; homever, the use-growth

175,000 may be in use by 1976. Population at risk Is not knovn with any degree of accuracy. Based on
extrapolations of a 1970 equipment survey. an estimated two million people are tiriiatcd annually with ultra-
sonic diathermy. Mixer and other Industrial conwuxurcial applications accoun'ed fc,- approxiriately 50,000
units in use by the end of 1972. The njm~er of ultrasonic devices projected for tust in 1930 include:
cleaning equipment, rC',OO0 units; medical diagnostic, approximately 175,000; dial~hermy, -00,000; curwmiercial/
Industrial, 180,000.

Although thermal effects of -microwave absorption have beesni well demonstratod .;,nd docomented, some
l~ivestigators rwuggst non-thermai or specific effects due to microwave exposura. When .1-nimals or man are
exposed to microwaves, the absorbed energy is converted to heat which, if of 1.ufficient degrer,, may indute
physiologic responses as a reaction to the Increased body temporature ur 'ubtle ?,itera;..ions in thermal
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<I any affect in the priegiarit rat e"Nusett to 100 mW/cm~ or any greater affect in the fottlis thaft that
reportedl Is nuowteirthy.

Spallirg (S)) exposed Mice tit Shro Met tax, htlurs daily for 120 days if, a closed system (wave guide) at
;iF'-l~e-e level, J 43 1ýW/Cn-" . it, weight. re., and wrohte blood cell cowlt. hemetcocritt hvxtsglobin.

qrwt-r. voluntary ictivity tind lift %par% remairel rormral. Distir~cl changues in the proportiori of white
.a"l redi bone mnarrioxi lote cell% Oavit beer observed in rabbits chroror;cally *xpotiid to iteter waves at I RII~

Ir (10411 ORPOSil Who0l*ebkdy to pulsed microwaves there was a ma~rked decrease Ine iymphrocyteil and eusiro-
p-ýlI after %si N~or%, 2800 MHz 110 ~mWciri (M5. The reoutrophils remained slightly increased' at 24 hours.
whlile rosinophil a*rl lymphowcyte values returned to normal levels. Following twin hours of exposlges at
165 iW/cme. there was. a slight leukoperia tont decrease in reuitrophills. Who" the exposure opac cf three hours
turat;iur, loultucytotis was evitert immeliately after exposure and itias more marked at 24 hours. reflecting
the nowtrophil resporse. There was a ra~derate decline in lyiiPphucyttis itiomedietely following two to three
o,,,rs of egkpesure, .6ith recovery to the pre-eaposure level at :'k hoorio. tosenophil ceranse was riegligible

at the termination ,if three hours exposure and mo~derately decreaied at 24 hours.
After exposure too 1285 M~z, 100 tm/cin for six hours, therir was an ircreawe ir le~ukocytes ard neutro-

phu'I%. At 24 hours, the neutrophil level was still nuticeably increased fro.,m the pro-oxgpoure level.
Lymnphocyte and eosinophi I values ware monevrately depressed and at 24 hours slightly exceeded thailh initial
value.r

Six houtrs of exlposure to 200 MMz (CW) 165 mW/cm' resulted In a marked increase in neuttophils and a
mill decrease in lymphocytes. The laukocyte count was further increaloed. and the lymp~oocytes markeodly
increasedt the following day. Eosie'ophils were moderately decreased(5)

Exposure of mice to 24SO lM~z, 100 mW/cml for 5 minutes resulted In a decrease followed by all inCrease
itn Fat, uptake in the sploen and boone marrow M~), Alterationr In ferro-kinetics was also found *n rabbits
arl guinea pigs exposed to 3000 lMez at I rmll/cm3! or 3 mW/cam', 2-4 hours daily, 14-79 days (S7).

Early are' sustained loukocytosis in antiMals eXposed to thermogenic, ;ovals of microwaves may be related
to ýtiwovlatiori of the hamatopoletic System. leukocytic rmobilization, or recirculation of sequestered cells,
Eusiropenoia and transient lymphocytopenia witrh rebound or overcompensation tihen accompanied by neitrophiliar
may irdicate increased adrenal function.

Sarrtin et &l (26) reported an apparent decrease in polymo-phonuclear cells and Increase in eusinvophili
and monicytes in a group of radar workers. In a later report, however, the sao" authors (27) foutid these
decreases. to be incorrect due to a variati~on in a laboratory technician's interpretation.

*aranski and Czerski (47) reported on the ritaatologic examination of a larve qroup of people occupa-
tionally exposed to microwaves. They concluded that a small drop In the numibeor of erythrocytes takes place
in all people exposed to microwaves. Incidence is related to tho length of employment with normalization
later, a symptom which does not appeAr in groups having worked for one to five year%. A tendency toward
lymphocytosis with accompanying eoslinophilla is apparent in persons having worked more than five years
under conditions of low and medium microwave exposure. Three groups of leukocytot changes occur In persons
exposed to substantial irradiation for more than five years: most frequent are absolute and relet~ve
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!ymphocytosis: next In order is absolute lymphocytosis with monocytois; aind neutrophilic leukocytotis is
lost. About 501 of we-sons exposed to microwaves show a moderate drop in platelet number. This poses
the question whether X-rays or other environmental factors may not be the entity or at least a contributor
In such findings (58).

CARDIOVASCULAR EFFECTS

Several Investigators report that exposure of animals or man to microwaves may result in direct or
indirect effects on the cardiovascular systam. Sums authors suggest that exposure to microwaves at
Intensities that do not produce appreclat ., thermal effects mae lead to functional changes thet are
observed with acute as wall as chronic s. oures. On the other hand, no serious cardlovascular disturbancis
have been noted In man or animals as a rcsu~t of ml.rowave exposure (59).

Increased heart rate has been observed in rabbits and dogs after exposure to power densities of 50-130
mrrfcm 2 for variable periods of time ranging from 10-140 minutes (60, 61, 62). Slowing of thu heart rate is
reported by some investigators with low (or what they consider "nonthermel") levels of microwaves (39, 63),
although others have reoorted 1:ýcreased heart rate with low-level microwave exposure over the dorsal aspect
of rabbits (6 4. 65). Icrease in blood pressure has been reported (k.0, 66, u,).

Homodynamic response of the dog exposed to thermogenic levels of 280, MHz pulsed resembles that of
aiute heat stress as manifested by early hemodllutlo' followed by hemoconcentration. As the exposure is
prol-inged, hemoconcentration becomes more svident. Dogs exposed at 165 mW/cm2 show a body weight loss of
2.0':/hr. At 100 nm/cm2 , there is a weight loss of 1.25%/hr, and hemodilution occurs, as contrasted with
hemoconcentration evident at 165 mW/cm2 (55).

Oubbota (67) has noted that In rabbits chronically exposed to 2450 MHz, 10 mW/cm2 , little change in
irterial pressure was evident. However, hemodynamic shifts were quite clearly in evidence even at I mW/r/m2 ,
No hemocynamic shifts were observed beginning with the 4th or 5th treatment. When the rabbits were exposed
tc. 50 mW/cm', the arterial pressure dropped, then recovered to its initial level after 1-2 hour4. Character-
:stically, these effects were registered only after the first few microwave treatments, and later, as the
treatments were repeated (once every 1-3 days), the arterial pressure change became smaller in degree until
disappearing t!ie 9th or 10th treatment. The rectal temperature rise was I-1.70C after the first exposure,
but 0,7-0.90 C after 9 to 10 treatments.

Presman and Levitina (64, 65) interpret their data as indicating an effect on the parasympathetic
nervous system (vagus nerve) during ventral irradiation and on the sympathetic nervous system during dorsal
exposure. Levitina (08) has suggested that the peripheral nervous system is the mediator between microwave
radiation and its possible effects on heart rate.

McAfee (69) has pointed out how data can be misinterpreted to be the result of some unknown effect of
microwave radiation, when hyperthermal effects are not involved. In cots, when peripheral nerves are
stimulated by 450 C temperature, adrenal medullary secretion occurs and a rise in blood pressure is developed
as a result of adrenal secretion (70). McAfee (71) questions whether experiments on the effect of microwave
radiation on heart rate are carefully controlled for this possibility; if so, it Is not mentioned in the
literature.

Frinctional damage to the c3rdiovascular system indicated by hypuonus, bradycardia, delayed auricular
and ventricular conductivity, decreased blood pressure, and decreased height uf EKG waves in workers in RF
or microwave fields has been reported (43, 72-75). Osipov (76), however, points out that these changes do

A. not diminish work capacity, and are reversible, It has been reported that th• funstional state of the
circulatory system of radar station operatovs who exercise regularly (preliminary gymnastics) is superior
to that of person- who avoid physical exercise {77).

According to Sadchikova (78), two basic syndromes of hemodynamic disturbances induced by changes in
regulatory reflex function exist, dependent on the preponderance of excitability of sympathetic or para-
sympathetic vegetative nervous centers. Clinical syndromes are induced simultaneously with or immediately
after hazardous ocrupational exposure. Both types of reactions may be observed among persons exposed to
microwaves at intensity levels of a few milliwatts/cm2  for long periods of time. Neurocirculatory
disturbances of a hypertensive character are related to the duration of exposure, vagotonic reactions occur
during initial periods of work. Prolonged exposure induces progressive changes, interruption of exposure
may induce a remission. Symptoms of sympathetic circulatory disturbances occur in persons exposed to low
dose intensities of a few tens of microwatts/cm2 with occasional exposures up to 1 mW/cm2 (78),

Tolgskaya and Gordon (79) observed morphological changes in receptors after one exposure to microwaves
.4hich decreased with repeated exposures. They suggest that receptors; of the reflexogenic zone of the curveof the aorta, the carotid sinus, and all layers of the auricular wall are highly sensitive to microwaves.

It does appear that functional cardiac changes can occur as a result of microwave exposure which
doubtless are due to response of the autonomic nervous system to thermal effects. It has been noted that
thermal stimulation of peripherai nerves produces neurophysiological and behavioral changes (70). Inter-
action between the peripheral nervous system and the centrae nervous system could account for the reported
effects on heart rhythm, blood chemistry, and ECG.
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PIYSICAL ASPECTS - ULTRASOUND

P N T Wells, Briptol General Hospital, Bristol, UK

Sumary

Ultratound, which is a form of energy consisting lýf mechanical vibrations

the frequencies of which lie above the range of hvitan hearing, travels
through media in the form of waves. At frequencies of tens to hundreds

of kilohertz, ultrasound may be generated and detected by magnetostrictionA

at higher frequencies, piezoelectric, and particularly ferroelectric,
transducers are used. At megahertz frequencies, ultrasonic powers are most

convenit-itly measured by rtiation pressure detectors, or by calorimetry.

In biological soft tissue&, ultrasonic waves &re usually in the
longitudinal mode, and travel at velocities of around 1 500 m s1 The

shape of ultrasonic field derends on the size of the transducer in

relaticn to the wavelength. Focusing systems of quite small dimensions

can be used to produce high intensities at megahertz frequencies.

Spe~ular reflection occurs at discontinuities in characteristic

impedance which are large in relation to the wavelength; energy is

scattered by smaller discontin•Atit, within biolor'ical materials. In

soft tissves, ultrasound is absorbed at a rate of about I dB cm" 1 M1zH1

by Lroad-bpectrum relaxation processes. The attenuation in both lung and

bone, however, is very much higher, and their characteristic

impedances differ greatly from those of soft tissues. The inclusion
or occurrence of gas bubbles within liquids or soft tissues may have 2

profound effects on the neighbouring ultrasonic field, due to

phenomena broadly classified as cavitation effects.

Ultrasound is a form of energy which consists of mechanical vibratons the frequencies

of which lie above the range of human hearing. The lower limit of the ultrasonic
spectrum is generally taken to be about 20 kHx.

Ultrasonic vibrations travel through a medium in the form of a wave. The
transducers used to qenerate and to detect ultrasonic waves are of various kinds,

according to the frequencies, wave shapes and intensities which are involved.
V At frequencies of tens to hundreds of kilohertz, the magnetostrictive

transducer is appropriate. A magnetostrictive material has the property that the
application of a magnetic field causes a change in physical dimensions, and vice
ve~rsa. In the absence of an applied magnetic field, the magnetic domains of a

magnetostrictive material are randomly orientated. The shape of each individual

domain is asymmetrical. The application of an external magnetic field tends to
rotate the domains into the same direction, and it is this change to a

non-random orientation which causes the change to occur in the dimensýons of the

material. The change may be either positive or neFative, and for a given fAeld
strength .t is in the same direction irrespective of the sign of the applied field.
Cons•quently, if an alternating magnetic field is applied - for example, by
introducing the magnetostrictive material into the field of a solenoid cirrying

an alternating electric current - the magnetostx'ictor oscillates at twice the
frequency of the magnetic field. Generally this difficulty can be overcome by the

•! application of a non-varying magnetic field oi a relatively large magnitude.

lIt any particular application, the choice of the magnetostrictive material
"depends upon several considerations, including the frequepney and tI•e intensity. At low
frequencies and hgh intensities, nickel, and alloys of certain materials such as iron

and cobalt, are appropriate, and generally a laminated construc'tion is used to minimise
eddy current losses. At high frequencies - in excess of eboit 50 AR: - and even at low

frequencies at intensities below about 20 V cm- 2 in water, synthetic ceramic materials A

known as ferraties have better characteristics than those of metals. "3



Certain materials havo the property that the application of an electric field

causes a change in physical dimensions, and vice versa. This in the plesoelectric

effect, which occurs in some natural and synthetic crystals such as quartz and
lithium sulphate. In addition, in some artificial ce.amic materials, the individual

change domaino may be aligned in a manner analogous to the magnetic domains in a

ferromagnetic material in a magnetic field. The analogy leads to the term

"*fertoolectric*. Ferroelectric ceramics may be polarized during the manufacturing

process, so that, unlike ferromagnetic transducers, an external polarizing field is

unnecessary.

Probably lead zirconate titanate is the most widely used piezoelectric transdu.cer
at frequencies in "he range 0.1 - 10 MHz. Its characteristics may be mndified to

control the frequency bandwidth. A great advantage of the piezoelqctric ceramics

is that they may be formed into any desired shape during manufacture, and polarized

in any reqluired direction. Although the most usual shape is that of a thickness-

expanding disc, two other configurations are quite often used in ultrasonic
apltcations. Firstly, spherical bowls are used, generally to produce focuised

ultrasonic fields, Secondly, cylinders with electrodes Londed onto their inner and

outer curved surfaces are used as length expanders tc drive various prcbev,*and as

omnidirectional receiving elements. Some typical arrangements are illustrated

in Figure 1.

PLANE SPHERICAL

PIEZOELECTRIC BOWL

TRANSDUCER FERROELECTRIC

CONCENTPATING TRANSDUCER

CONE

,AGNETOSTRICTIVE

WINDING COREELECTRICAL

ELECTRICAL CONNECTIONS

(a) (b) (c)

Fig. 1. Typical ultrasonic transducers and their mounting arrangements.

(a) Magnetostrictive transducer with concentrating cone; (b) Piezoelectric

disc transducer; (c) Ferroelectric spherical bowl transducer.

At megahertz frequencies, ultrasonic powers are most conveniently measured by

radiation pressure detectors, or by calorimetry. A force becomes established across a

region in which there is a change in the intensity of the wave. If the wave is

completely absorbed, the force is equal to the incident power divided by the wave

velocity. The theoretical basis of the effect is still somewhat controversial: but
in practice, the simple relationship is that the absorption of an ultrasonic wave

with a power of ) W travelling in water produces a force equivalent to a weight of

Sabout 70 mg. Therefore, with a suitably designed "radiation pressure balance",
measurements of force may be directly related to estimates of ultrasonic power. The

construction of a typical radiation pressure balance is illustrated in Figure 2. In

this instrument, the ultrasonic beam is arranged to be intercepted as it travels
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through water by an absorber mounted on one end of a balance art, thus producinq a

turning moment proportional to the ultrasonic power. This turning moment Is balanced

by a rider of known weig.t appropriately posttioned on the other arm. Since it in not

possible to C nd a material which does nat reflect some of the Inekdent energy - as

explained later in this article - accurate Inqtiltments are arranqed so that reflected

energy die* not introduce errorg.

S~CALIBRATION

INCIDENT *RKIN(S
ULTRASONIC
RiEAM RIDER

SULTRASONIC'11

-- ~~COUJITE[IGH I•T

SENSING SURFACE.- ~FULCRUMll

Fig. 2. Typical radiation pressure balance. The instrument operates under

water. The ultrasound reflected from the partial absorber wh•ich fomre the

sensing gurface at the end of the balance arm is travelling horizontally, and

Vso does ,.ot produce an erroneous turning moment about the fulcrum.

This type of radiation pressure balance is suitable for the measurement of

ultrasonic powers in the range 0.05 - 10 W. The measurement of power of less than

0.05 W requires a very sensitive system, since such small forces are itnvolved. A

convenient way around the difficulty is to use a modified analytical balance, which can

typically measure a power of 2 mW (&quivalent to a weight of 140 11g) with accuracy
of 3%.

Calorimetry is a more fundamental but generally less convenient method of

ultrasonic power measurement. It depends on the complete absorptior. of the ultrasonic

energy within the body of a calorimeter, which allows the heat so produced to be

measured. The method is tedious because of the necesmity to wait whilst thermal

equilibrum is achieved between measurements. It is relatively Insensitive, because of

the difficulty oZ measuring small amounts of heat. The principal source of error is due

,o the tirect transfer of heat due to the inefficiency of the so'arce, which is

indistinguishable from that produced by the absorption of ultrasound. Despite the

problems, instruments have been constructed in the laboratory which are capable of

measuring powers in the range 0.1 - 10 W, and which aqree quite closely with radiation
pressure determinations.

In biological soft tissues, ultrasonic waves usually travel in the longitudinal

mode. The particles of which the medium is composed vibrate backwards and forwards

about their mean positions, so that energy is transferred through the medium in a

direction parallel to that of the oscillations of the particles. The particles

themselves do not move through the medium, but simply vibrate to and fro. The vrclocity

at which the energy is propagated is determined by the delay which occurs betw4aen the
movements of neighbouring particles. This depends on the elasticity and the density of

the medium. In water, the velocity is 1 520 m s-1 at 37 °C. The values of the

velocities in soft tissues are not precisely known, but range from about 1 450 Im s1 in

fat to about 1 585 m a" in muscle.
The "ultrasonic fields of a transducer is the term used to describe the spatial

distribution of its radiated energy. The analysis of the field is based on the

app-ication of Huygen's construction, in which the surface of the transducer is



considored to be an array o:f sparate elements each radiating sophirieal waves in the

forward direction. The eleImeatts move synchronously with equal auml1itudesj thus, a disc

In considered to be a piston the surface of which vibrates cophastllly at constant

Samplitude. This is, however, a rather coa•plicated situation for inalysis, suince

three-dimensional geometry Is involved. The theoretical distrilbut::ion for such a source

ais shwn diagrammatically in Figure 1.
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DISTANCE FROM TRANSDUCER, wav",engths

Fig. 3. Theuretical field distribution of a typical disc transducer. In this

example, the transducer has a radius of 10 wavelengths. The ring diagrams

represent the croa,•-sertional intensity distributions at selected positions

along the central axis of the beam.

Moving along the central axis of the beam towards the source, the intensity

increases until a maximuln is reached at a distance X1rAax from the source given by

Xmax r 2 / (1

where r is the radius of the source, X is the wavelength rf the ultrasound, and r2 >X2

The relationship between X, the velocity c, and the freqtuency f, is that

- c/f (2

Increasingl'y closely spaced axial maxima and minima occur towards the source. At

successive axial maxima and minima, start'ng at x'max and moving towards the source,

there are one, two, three, etc., principal max.ima across the beam diameter. Thus, the

beam has two di:iti-!t regions. The region between the source and x'm. is knc-wn ns the
"nhear field", and the beam is roughly cylindrical. The region beyond this, the "far

fi&Id", is characterised by beam divergence at angles :0 about the central axis, given

by

sin 0 - 0.61 X/r (3

Thub, the shape of the ultrasonic field depends on the sire of the transducer in relation

t- the wavelength. only when the source is at least a few wavelengths in size, does the
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ultrasonic field Rosume the shape of a deflned beam. Under theme eircwmstancee, it in
possible to une methods analogous to those of optics to focus the besm. The ais of the
focal wolume Is limited by the wavelength. tither lenses (made frm. materials which
have different values of velocity from those of their eurroundlngs) or curvwd,

self-forusing transducers may be used. At megahertz frequencies, intensity gains

of 1 000 or more may easily be achieved# corresponding to focal Intensities in water
of up to arouand 3 kW co".

In any given medium, the ratio of the instantaeous values of particle pressurv and

velocity is a constant. The constant is called the "charaeterictic impedance" 9 of the

medium, and id related to the density o and the velocity by the equation

i (4

In a propagatitig wave, there are no sudden discontinuities in either prticle

velocity or particle pressure. Consaquently, when a wave meta the boundary between two

mdia, both particle velocity and the particle pressure must be continuoua across the
botndar~y, In each medium. hmover, the raftio of' the%-9 two quantities is fiaed, eIng

equal tc the corresponding characteristic Impuedanc; and, if thi characteristic
Impodances of the media on each side of the boundary are unequal, the incident energy

in shared -,, 1 atisfy this requireRment. The result Is that not all the energy is

transm-tte3 ac'oi n the boundary, bt~t a frnction R is reflected which, for normal

incidence, is v$iven by the equation

where ZIa nd 2 2 are the characteristic impedances of the Jncident and transmitting media

respectively. ",his relationship is modified for hcn-normal Incidence, and total

internal reflection occurs where sin 0 . 1 in the equation

sin ni sin 
(6t U cI/C2

where the angles a t are those of incidence and transmission respectively, as
indicated In Figure 4.
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VELOCITY c 2

TR ANSMITTED WAVi

Fig. 4. Behaviour of a longitudinal wave at a boundary.

In this diagram, 0i = %r, as in ray optics, and the reflection is said to be

"specular". Specular reflection occurs at discontinuities in characteristic impedanuc

which in sr .. al extent are large in relation to the wevelength.

It is important to realise that the results of calculations of refraction and

reflection conditions at a plane boundary may not apply to a similar chardcteristic



impedance discontinuity at a rough Interface oi. a small ob)stacle. Thio spec~lar component
of reflection is at least partly replaced by componente of ncatttirvil itnergy. This effect

becomes Important when! the dimensions of the discontinuity are oiý the order of a
wavelength or less. If the obstacle is verV much lea# thin the otavelingth In sime, the

Inttenity of the wave which is backscattered varies Inversely ani the Pourth power of the
wavelength. With wavqiangth-order discon~tinuities, ho~vore, such as !tay occur in
biological materiels, the thoorotical problem becomes very dif.(ixý.ult. It Is doubtful

j ~whether models art helpful except in the elucildation of general principles. and It to
better to make ext~Iegment-1 measureftnts than to attempt to make theoretical estimations

In cases where the physical dimensions are nsc~asar~kly riot well )knoorn.
Ultrasound is attenuated als it travcl, through & medluw. The date from experimentolI measuraments In biologico't materials are both spars* and hard to relate one to the other.

It Is not realistic, at t,..o present time, to limit attention to tiaqr rn an. :t is
seldom possible to take much acicount. of the tern ra..ur*2 at which the* measurements were

F rmade, nor of the *freshneass of the tissue s~angles. although both the'io ?.nctors are
probably of considerable iportance. Despite these limitatiois, it It apparent that,

for biological soft t-Ifsues,

fi afb (7

where ,i in the absorption coefficient !(enerally measured in dB on-1), and a and b
depend upon the characterixtics of the particular tissue and the condtil5ons of
measurement, and have fairly constant values over limited ranges of frequency. The
value of b is ge.nerally only a little jreater than uiaity for soft tissues in th'.
froquo.ncy range O.a - M,) MM:, where f is expressed In Mats typizcally

- 1cU~cm1 Mu 1  alho.igh the values range fron one third to twice thin rate. At
I MMz. the absorption rate in bone in around 10 dB m ,wis htI ugI, bu

40 dD cm 1 Cn the otht~r iand, the absorption in blood is only 0.1 dfl cm1 at I MlIR.

These v;Iues may be cc~apdred with 0.002 d1% cm1 in water at I MMz. and in water the

ahviorption rate is proportio-nal to the iquare, of the frequoncy.

cmsabout between the ahsorpti~on rate and the trequency. The "clasnicalw mechanism

of absorpt-.on, whtich depandr on friction between the particles in the riediwn, gives a

quadratic diependence -n frr-quemrcy, such as occurs in water. Of several possibilities,
the theory wh#Ich is preseycly mnst favoured. and fox which there is cons-4derable

typerimental. ev~dt-:Ace. is tha'. bioloyieal soft tirtuas exhlbit a broad frequencyI
spectrum of relaxationi processes. "Relaxation" is the term uited to describe the
behaviour of ý. medtim in which the Lulk viodulkis has one value for slow Frocespes, and

another f r fast. pr-r)Lesses. The actrual -roc.swaw which may be involved have been the
subject of m~ich discussion. T"e most likely candidciten seen to 1'.ý sol.,ent-solute
interactions, and p'otein rs-bon.4 xchanges. The effect of a single relaxation 1rocass

is to give rise to Pxc-esv cbso-prion across a baind of frequency centred on theI

relaxation frequenzy. AclrŽ,s' this band of fraquen(.y, t~he velocity has a slightly

higher value at high frequencies than at low fxequencies: this phenomenon is calledI

"diepersion". Although a single relaxati-on process gives at sinqsla peak in absorption

associated with one particular frequency, it turns out that tho) substantially linear
relationship between absorption and frequency. which has been observed e.'qperirmentally
in soft tissues, could be aeccoanted for by the existence of severai -. perhaps only
four - relaxation proc.esses with appropriate frequencies.

The absorption mechanism in bone is certainly more complicated than that in soft

tissues. Scatterinlg, and conversion to Otear waves of short range, are likelY to be
important factors. The dependence on frequency is quadratic at fraquencies belew about
2 MNz, but it is more noarly linetr at higher frequencies. Different kinds of bone
have different propert.leal and the behaviour of compact ivory bone, for exarpie, is
relatively free from these complexities. The velocity In bone is about threo times



faster than that In soft tises.no, and the density Is up to twice as much. %'onmsquantly,
the characteristic impedanco of bone may I*e fle or six tip*s groater than that of soft
t issues.

Thi absorption In lung Is even greater than that in bone. but the velocity tS oetly

about hNlf that in ofs tissues. The high rate of absorptl•n m.iy be due to the

re-radistion of ehnr•y by pulsatiny gaseous otructurem in the lwun tiusue, whilest the

low velocity is alma due to the presence of qAs (in which the velocity Is only about

300 m s-1).

fte 1-tr ., . occurrence of gas Lubbles withth liqtuids or 04oft ý1186114tp r'i!Y hAv'

profound effects on the neighbouring ultrasonic field, due to phonmnana broadly
classified as cavitation effects. If a bubble already ~ieststt ia a medltw it MaNI br

get Into resonant oscillation by the application of an ultrasonic fi*)d which has a

frequency appropriately telated to the dimensions qf the bubble, For an air-fillrd

bumible In water at ,tmospherlc Pressure,

fr rb b 1.3 (a

where fr is t"e ra•onance fretit.ncy (in "0). and rb is the bubble redins (oin m), For

example, a bubble of 30 t,m radius would resonate 3t a freqkmncy of %Wut Cf, hHU.

Quito steep gradients in the ultrasonic field can occur neai. resonatinj bub).ea.

Thes* gradients can give rise to streaming, which can ex!t,.t in any of weverial r•,jut:•p.

3ccording to the ultrasonic amplitude. Similar gradientn may *la.i be 9t:nPr.Atqd n'~sr

the tip of a neodle set into longitudinal vibration by an .Apropriate tranwvduer.

Generally these effects are Observed ,at teltivel.' low, inta.,;Ltion and the bohav•i,•tr

of bubbles changes only ilowly It at all, the phentmenon betnq known sA *•tab,*"

cavitation.
At high intensities. the negative pressure during the wave cycle ,.w be 3•iutre.ent

to disrupt the supporting medium. Transiont cavitatiun Is the ptn',n•a, In vhich

voids suddenly grow and then collapse in the 3upportinq liquid. Th*•. 0llser' r'S" the

cavity leads to strong pressure pustes. or shock wave•. In the supportinj liquId. loe12 whole process occupies an Interval of less than that of one cycle of the wAve.
Cavitation, either stable or transient. may be suppresseJ by daeq-sin,ý the twaJium

or by increasing the external pressure applit- to the system. It Is also Arhibited by

increasing the viscosity of the supporting liquid, and by reducAnq i.h ttOw duration I
, ~~of the irradiation. •

Although much is understood concerning the effects nf cnvitatic: on biological

materials in liquid*. either in snlution or in supension, it is still to 4ntw oxt.irt r1

a matter of speculition as to whether or not stmble cAvitation occurs in soft tiasu*en.

At very high inten.iti 3. transient cenVitation certainly can occur, The q estnn which
needs to be Answered '- whether or not micron-sized bubblo. exiest in sioft tissues whhi'n
could be set into staole cavitation by low-intensity, mgahertr-fre ti.c-zy ultrAsund..

For further reidi"g

Wells, P.N.T. *Physical principles of ultZr..ioic diao!nosis". Lndor., and
New York, Academic Press, 199•.

Wells, P.N.T. "The medical applications of ultrn.oics". " lecits on 'agresa
in Physics, volume 35, number 1, 19"10, pa~jes 45 -1..
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thrCio lvtos~oi il*a the tlmawep "itioduo two types of effects that control the

dipo~le lttioriAlfl A the ftrcIIehrV O'f lieApplied d1V~tromtg4t energy edThe firthIlil thme rtatien of
tin urens ithal associated energy loedmtoeetiSVcal ftsiaitafceeo the meadiumsn the othat

d~frtsthedisplacement rutrtent through the meditmwih4 as esuitod dielectric 10 due to viscosity.
Thexv effects Co'ntrolI the .hrhtIor o;f the coviples dielectfic constant s~rt* i- Ws"), what* to is the

pvtottlivit 0 too space, t t the cumpleft rerittivlty, C' to the .1 101 trfit constant, aid t" ic the
lo- r,4"t.t M. th. l.Iium. ~eeffottivv tondthitivity a (due to both conduction crfrento And dielectric
loA0Pvn tit the. mehlau Iis 6roisico to 0' by k" it ii" and the WoAS tangent Is Atven by ton A - t"It' a

The quant ite will ho disporsivo doe to the vatinsa rolokiation procenA.. associated with Swlar-
eaatl't, phenomena. Moese ato Windated bV the divlectri-c pr~ertiete given In table@ I mad 11. The decreaes

in Mt1-tric tt'Mq 'stnt tr, an., Inctreue In mnhwt~tivity o. for tissue& of hifth water content with ifcrsalmiPg
trr'lueo". Is due I"' inte~taclal pxvliaa~t ion acr-oss the reil momblrAnes. T~he cell smebrataeso with a capacity
O'f AlI'PFR.IQttatlVI olr/cm'. jkvt ai Insulating layers at l'Vw Imequenriss so that turrents flow unly in the
e*itt-svIlular ms'dit)M, a. oorntles (4-. O1w low eonductivity of the tiskuttus. At sufficiently low frequencieso
the .-hargingt time Constant to %F4411 eonoulh to vqWIuitVIV chGVPq and 4Jitchatgi the memrane during a siftoi.

."ce, ulti.10 In A 1111h tissue laict~w nd thye fortv a high dieluctric constant. whten frequency is
tncrevimd. the eapa<Mtvo ieaq'tatjcO of thr celi dvr"*vaew. resulting in intcronamlg currents In the intro-I eaar a.A ios.ju4 With A k-t-1Itinjz Incteafto in totAl rondu'ztivity of the tirmul.. The Increase In Ifreuteny
wtill Also Prrevent Owhe ll walls from hakuCirit to'taly charged durina a coswip.to %.yr.!*. rest-itIng In a
.le,tv-ase of t". At 4 f!,riawncv tit Aiprvtrtmntely 100 O&Ms and abovw. th* rokl me~,btns capacitive rteactatte
ht.,ome.. ill itlthtv low that the rolls rac .e aisvuvsid to he ohort-clirculted. In the frequsti-t rwroge of
IOK) *0ta 1, 1 k-M, the10 vion tent Of thp olectroI'fte m~e~im has no effect on Cwe dispitrsion or the dieloc-
Iri: CottAtIflt "k) tlow values of IN and eg" &iv relatively independent of frequerncy. Schwan 11.16 has

uu'gp.etc-.i hovevwet, that susprrodc~ protein Molecules with a lower value of dielectrit Constant act as
'Xllle~rh avltz4 -- ' In thip Pecetrolvtos thervbv inWoring the lit-lectric constant or the tianue. Ne

AttrfIIi.'tc. the sii,~ht dimprml.-n of i .'ýA the var~i~tion nf the effictivv dielectr:.: constant of the protein
uiIo~tth frequrnecv. The fWAIal4 Uciin of -N and tneroase of alAt froquetiemo above I Gilt can be

Attrittiitei to the rs'lAr pr%.)Pertien of wadter siolfe-lpi. %hich hove a relasatio,-i frequetncy near ý2 GNts.

Thr k1lv1v trick bohavior ovt tislucs with low water content tit quantitAtively similar to tissue* with
higth w~Ator :ontenl. hut the vokloes of d'oelstrie constant cl. And conductivity *L art an order 'if min'nitude
livwr and At%- not tpaantit.auivetv ovderotctoo as well. This is due to the fact that the ratio of' fret to
VArIOUs tVW Of.1kind~ WAitt IN not known. There to also &. larlte variation in tissues of low water content.
'.iuece Vater tý14 Ai higb .tilictri "onstaont and cotnductivity compared to lit. the net tissue dielectric ton-
~t. tat And Conuctivity VWi i'hanto sijgnifiCantly with small vhanges in water content,

The, V.1lked of -InI -wIll altoi vary with temperaturw. in the microwave regloa, where dispersion io
*Al~l. tht v~rit~tn Is gilven l'v An * ti. . The dielectric properties of the tissues

'Aa A- i~por.Au Pet n jtfrtntittherefeot4 indtrdtnamltod power at intorfacri between different

- where th wavelegh prpl,,ti L ?harIactreai ~ianiplan*layeredce hin theca tissues due tote hxainh deetorsowco

fo isusofhghwtr iutn anib tween -i and2hfe tissue su c with lowwter cont~en to an aditiongh.to ~then $Ar izredutio in-r thvelgh there wilof ag bopino eeg ntetsu hc a
reslt o heoajftion st.n 1`1.1 fborbe power trens1k Hio reutih romg iloia tthionic* candbectiotn a Id tibraso of

diereote woleulengttthe XRie, is e gilen ifcn redye in the2  (2)ts otehghdeeti

wCorestanis. the magnitde if tilcatri field tne mayor note fdrtom Ahe coditiies lise.btwed6. Ain Table

sodrI thatu absrto ntsu f higher water cointent. mayi be as hinh a.S fur tissue witrew ater cotha. n indithaton
low wthe!rictenrdutifor tIe samvenelcthrc wield The alagAbsorption of icoweowr wIln rhetisult wich canpo
tresutive redutio. 11f wavsred poe r denstyits te I raesultenetrate intothe toissues.dWetion qantifyathisn by

Nk
defining a depth of perptration d - I/A. or a distance that the propagating wave will travel before the
power density tiecrsaaea by a factor of a-2. We can see from Tables I and Ii that the depth of penetration
for tittoft'; of low water content Is as much an 10 times greater than ihe same para&,.cer for tissues of high
"Hstcr C'.. '"t.

Since each tissue In a costplex biolor,,tal stnsuch as son has different complext perrittivity, there
waill In ge~neral be reflections of &nergy between the various tissue Interfaces during exposure to microwe"e.
The complex 7*flect ion coefficient due to a wave transmitted finn a maJi.. of cotplox permittivity c1l 6 o a
medium of peraittivity E2 *and thickness greater than a depth of penetration is givens by

6-7+ rr

The values r and s for va, ious luterfaces are tabulated In Tables I And Ii. Note the large reflection
coefficient for an air-muscle or a fat-muscle Inzarface. When a wave In a tissue of low water contest is
Incident on on Interface with a tissue of high water content of sufficient thickness (greater than the depth



of penetration), the reflecte" wove io nearly 160" out of phaae with the incident woe*, therebY producing
& standing wave with an isteneliw mimtiMM. near the Interface, If the woe" is propagatiag is a tissue of
hith water eastest And is incident (n a tissue of low water cosnteut, the amplitude of the ref Iecved Com-
PoIft is io phase with the qtncilo'ent woe", thereby praducing a standinig wave witth an Intensity ýmsaaiinw neo
thw Interface. If thert at# several lovers of different tissue media with t1r*nest la than the depth
Of pCNsetration for each medium, the rffiected energy and standing wave pattern are Intfluencd by the thick-
soon of each laysr and the various wave impedances. These effects any be obtained frtom the Standard tresns-
mission listequtos h distribution ofeeti il*trength K na given layer io

what* to In the maognitude Of the field and 16I the reflection Coefficient. FroM( 2 ). the equation for
ubaorbea lower density In the tissue lever, we obtain

W 162,1 4 r 2(a + 2t can (lots

Nchwmnt 111,191 has made ostensive calculations o! theme absorption distributions in various tissues.
Typical distributions ar* shwn Is tit, I for a wave transmitted through a subcutaneoos fat *edium Into a
muscle medium. The absorption~ Is norlalised to unitv in the muscle at the fat-souscle interface. The relative
aboorptiok curvet. shtwn remal- unchanged4 for smaller fat thirhnosses. The severe discontinuity between the
Otbkorbod tower In the wiscli. *Ad that it% thv fat In quite apparonr. Also, it can be mean that the Standing
woe" peaks become larger In the fat ran th,% wave peneatrati,-n into the muscle betcomer loes with in,ýroasina

Vor. diathervly. Subcutaneous fat may very fr~m less than a centimeter In thckhness to An much am .5 ca for

dtff~er~t individuals. "ee heetiNg for diathermy requirso the trnamisoleso. of entrity thrauOt this s'MbcU-
tj~*ouA fat laver to the muscle layer. nateigu results are attained with w.SlOMu heAting In the muscle.
the abso lute values of absorbed power dei,aitv I ithe timeu layers are ueponlent on incident power density.
skin thickness,. and fat thickness.

Via. 2 Illustrates the absorbed power density at Owe muscle, Interface anti the peak abeorbod "eir
V densitv In a skin laoer 2 wo thick at a function of fat thickness Uit an Incident power densaltr 0i I ON/Cm

These values may be uacd to determine the absorbed power at other locations In the muscle Ani fat 'by retating
them to the curves in fig. 1. The peek absorbed power density is always wAximw'm In the skin layer for the
plane layered sodwl. this In significant since th. thermal receptors of the nervous system are located the-a
and will indicate pain when the incident power density reaches luvel.u that could thermally damage the tissue.
With surface cooling of the skin, however. by natural environmental conditiens or by controlled clinical
procedures. the temperature Iinreasts may b-' higher In the fat or muacle. The peak absorption In the various

tisnies may wary over a wide range with fat thickness and frequency. It Is apparent that frequencies below
916 Mil can penetrate more deeply Into the tissue. The Implicatioi'e of this Intomterm of both radietionI
hanards and therapeutic applications are apparent. The first two figures dlearly indlest.o the advantages
of lower frequenicies for diathermy, including 1) Increased penetration Into the muscle tissue. 2) less
savor* standing wave* and resulting "hot spot*" in the fat, and 1) bettor control and knowledge of the
absorbod energy for a given incident pmowr for a largo variatinn or rat thickneses* Set~ween different pat ' ts,

There is a practical lower limit. however, an the frequency that can be used. As the frequency io
decreased. the applicator needed bsccmow increasingly large until it is no longer possible to obtain deatred
eolective heating patterna. if the applicator is not Increased in site as froquenzy in lowered. only super-
fictl heatin~g will result, This has been discussed in detail by Guy and Leh*antn 1101 and Guy Jitll.

A ptablom of interest in diatheray to the drtermination of how effective microwaves are It heating a
liayer ofi ne beneath a layer of subcutaneous f4t and muscle, Fig, I Illustrates heating patterns for this
case using diathermy frequencies of 245 M. and 916 MIs for a 2 cm thick bone. The results clearly! show
that the absorption in the bone to very poor due to both a severe reflection and a low electrical conduc-
tivity. Since a standing wave peak at SIR1 IMe occurs in the muscle near the bone surface. we wtould expect

sigifiantbone heating due to thermal conduction from the muscle.

C'. TH8RRAL CONSIMIATTONSI The energy equation for the time rat*e f change of temperature OC/soc) per unit volume of subcutaneous

tissue In a subject exposed to EM fields Is
dt c ý'e+W (V We c Wb1

where W is the absorbed power density. We is the metabolic heating rate, We is the heat loss due to thermal
conduction, 11b Is the power dissipated by blood flow, all expressed in W/kg, c to the thermal conducitivity
expressed in kcal/kg-'C. and A~T a T-TO is tit-- lifference between tissue temperature T and the initial temp-1
erature To. The absorbed power density for tissue exposed to an EM fleYd is

V *103 01912/p (7

where a io the electrical conductivity in %bos/meter, o Is the tissue density in Skin~ and 9 is the ras

value of the electric, field (Vim) in the tissue. If It is assumed that blood enters the tissue at arterial
temperature T& and leaves at tissue temperature T. we may express blood cooling by Vb - k~a cb/pbAT' where
AT' a T - Ta,cb is the specific heat of blood, Ob is the density of blood, . ist the blood flow rate In
%1/100 g-m, and the constant k2 a 0.699. Prior to the time the tissue is exposed to fields, It Is assumed
that a steady statec omdittion exiato where W. - d(AT)/dt a 0 requiring 11m.W + VW b. According to the typical
values of the physical and thermal properties of tissues given In Table IT under normal conditions the seta-
bolic rate We averages 1.3 V/kg for the total body, 11 V/kg for brain tissue, and 33 W/kS for heart tissue.
According to the energy equation, we would expect to soe some change In tissue temperature due to applied
IN fields If the power absorp'tion density We were of the same order of magnitude as W., or more. In foct.t
the aafety guides In the United States that allow a maximum human exposure level of 10 mV/cm2 of incident



power are partially based on limiting the average Wa to the average resting value of Wm. Thus, absorbed
power densitieb Wa >- W could be expected to produce marked thermal effects, whereas, power densities

4Wa 4 Wm would not be expected to produce any significant thermal effects.

D. REIATIONS BETWEEN PLANE WAVE FIELDS AND ABSORBED POWER DENSITY IN EXPOSED BIOLOGICAL OBJECTS

We have already discussed a case in the previous section for the absorbed power distributions in planar
layered tissues exposed to plane wave fields. t'onsiderable insight can be gained into the relationship
between frequency, body size, and absorbed po,--r by considering spherical tissue layers exposed to a plane
wave. Fig. 4 illustrates the relative absorbed power density patterns for various spherical tissue geome-
tries exposed to a 1 mW/cm 2 plane wave source. The origin of the rectangular coordinate system in the
figures is located at the centcr of the sphere with wave propagation along the z axis and the E field
polarized Along the x axis. The maximum absorption and the average absorption density are tabulated on
each plot. When the diameter of the exposed object is of the order of one wavelength as measured in the
tissue, severe Internal wave interference produces sharp maxima and minima in the power absorption patterns,
as shown in Fig. 4-a, for a sphere representing a human head exposed to 918 MHz radiation. The spherical
model is composed of an inner core consisting of brain tissue surrounded by a layer of bone and skin. When
the object is large compared with a wavelength, as measured in the tissue, the maximum absorption occurs at
the exposed surface, decaying nearly exponentially with depv:h, as shown in Fig. 4-b for a homogeneous muscle
sphere with the same mass as a 70 kg man exposed to 918 MHz radiation. When the exposed subject is very
small compqred with a wavelength, but of a mass approximating that of man, the power absorption density
varies nearly as the square of distance from the y axis (direction of magnetic field vector), as shown in
Fig. 4-c. On the other hand, if the object is very small cowpared with a wavelength, but with a mass very
small compared to that of man,'the power absorption density is uniform along the y axis but increases with
distaoce to-•rd the exposed surface and decreases with distance toward `!,e opposite surface, as shown in

Fig. 4-d. ... e latter two absorption patterns for objects small compared with a wavelength cav be explained
from simple quasi-static field theory 112).

The electric field component of the incident plane wave couples to the object in the same manner as a
static electric field giving rise to a constant internal electric field which is 3/e* times smaller, and in
the same direction as the applied field, whereC* >> 1 is the dielectric constant of the tissue. Superim-
posed on the constant internal electric field is another magnetically induced electric field component
encircling the y axis, as shown in Fig. 5. The magnitude of the latter field, which varies directly with
radial distance r from the axis, and directly with frequency f, is given by E - TrfruH, where H is the magnetic
field. The H-induced E field component in a sphere with the same mass as man is much greater than the E-induced
c•omponent, whereas, for a small abject with the mass of a small rodent, both components are significant. The
variation of the maximum and average power absorption density with frequency for an exposed homogeneous
muscle sphere with the same volume is shown in Fig. 6. Also shown in the figure is the average power absorp-
tion density per unit total surface area of the sphere. In the frequency range from 1 MHz to 20 MHz, the
absorption characterized by the pattern in Fig. 4-c varies as the square of the irequency. This is due
primarily tp .4e magnetically induced fields.

The maximum power cbsorption density induced by the incident H field is denoted by the curve marked with
crosses, and that due to the incident E field is denoted by the curve with zeros in the range where the quasi-
static coupling approximatiqnts apply. Note that in this range, the maximum power absorption density is only10-5 to 10-2 W/kg per mW/cm2 of incident power. In the frequency range 100 to 1000 ?f z, internal reflections

are significant for the man-size sphere and the average absorption attains a maximum of 2 x 10-2 W/kg per
mW/cm2 of incident power at 200 MHz, which remains relatively constant with frequency up to 10 GHz. The
maximum absorption density increases with krequency above 1000 MHz, Lpproaching that produced by non-
penetrating radiation. The dashed lines illustrate roughly the frequency dependence of the total or average
absorbed power and how safety standards might be relaxed as a function of frequency if the absorption char-
icteristics in man were the same as for the sphere. The wide variation of absorption characteristics with

body ,ize is illustrated in Fig. 7 for a sphere consisting of an inner muscle core surrounded by) concentric
layers of subcutaneous fat and skin exposed to 2450 MHz plane wave 1 mW/cm radiation. The total radius,
fat thickness and sk'n thickness are noted on the figure. It is significant to note that based on the
spherical models. t,e peak power absorption could be as high as 4.2 /!kg in the body or head of a small bird
or animal but as low as 0.27 W/kg at the surface, and 0.05 W/kS 2.5 cm deep in the human body exposed to a
1 mW/cm2 , 918 MHz source (Fig. 4-b). Thus, 10 mW/cm2 could be of extreme and 0.5 mW/cm2 could ')e of mild
thermal significance to the smaller animal in comparison with metabolic rate. For the human model, on the
other hand, 10 mW/cm 2 would appear to be of nild thermal significance and 0.5 mW/cm2 would have negligible
thermal significance.

Power absorption density patterns may also be calculated for other simple tissue geometries' represent-

Ing portions of the anatomy. We can roughly approximate human limbs by concentric cylindrical layers of bone,
muscle, fat, and skin and expi.ess the fields in each layer by an infinite series of Bessel functions of the
first and second kind as discussed by Stratton [13], pp. 349-374]. For example, the electric field parallel
to the z axis of the cylinder is expressed as

- n- [AnJ n(kr) + BnYn (kr)]eJne (8)
n=O0

where k is the wave number in the medium and the coefficients An and B are obtained by expanding the plane
wave source expression into a series of Bessel functions and applying boundary conditions. Similar equations
may be written for the wave polarized with the magnetic field parallel to the z axis. Ho, et al., [141 have
evaluated the equations and determined the fields and absorbed power densities for cylinders corresponding
to humn arms and )ego exposed to pl-ne waves. The results illustrated, along with measured values in
Pigs. 12, 15 mW , in "Cagineerin8 Cousiderations. and Meaureusmntsa of this series, show the ami Inereame
in muscle-to-fat abnorbed power denrity with decreasing frequency as observed for exposed planar models.
The results show an even greater depth of energy penetration into the cylindrical muscle model than for
the semi-infinite model discussed previously.

Mbiw~w"
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It mas illstretrd in Section D that the Induced electric fields in a spherical tissue model exposed to

a plane wave consists of the stperposltion of two components which my be exprosed by

- ,Jt 3 - A (cos i Coesa $in bj) (9)

wherewis w et asanilar freqe cy- it th: compleu dielectric consstat, c ie the permittivity
tt 

0
of space k its the f ree space propeattiAl constant, 1,0,4 are the coordiuates of a spherical ,omrdinate
system, and a the usual rectangular coordluato, all with an origin at the center of the sphere. The hate"war the coordintes represent the usual unit -.sectors, and lo is the electric field strength of an incident

Iplane wave.

The field to & simple superposition of two field components, the first induced by the ele.atric field
indepondent of the magnetic field component, and the second term induced by the magnetic field independent
of the electric field component. The first term corresponds to an electric field eiatributed uniformly
throughout th. volume, while the second Is a circular electric field pattern about the y axis of the sphere
which varies linearly in mplitudf with the radial distance from the axis. For a tisnue sphere equivalent
in volume to that of man exposed to plane wave fields, the magnetically induced term is usually an order of
magnitude greater than the electrically induced torn. Taken 'separately, at electric field will produce
uniform power absorption density and the magnetic field would produce a power absorption density pattern
varying with the square of the radial distance from the sphere axia parallel to the magnetic field.

Similar type equations may be derived for dielectric ellipsoids exposed to quasi-static electroWagnetic
fields (small compared to a wavelength in ellipsoid and surrounding madium). The electric field, Et, coupled
to a dielectric ellipsoid due to an applied unit field is given by Weber 1151 as

S[1 + 2-�- 2_ (10)

Ca
for an applied field parallel to the major axis and

{ } -2
I0for a field perpendicular to the mijor axis where

U0 coahtanh[ a/b] (12)

and a a the fmjor hea-axeo, b th the rinor ad l-axi aof the ellipsoid, fo the complex dielectric constant
of the madium, ad a* in the comlex dielectric of the ellipsoid. One may note that the internal field Is
unifor ) as for the case of the sphere Ealue of the outside field for the first case, and

C
k++ 9i,+ 2 -;+ 1)- for the second case when b/a 0* . Thus, for the case where the electric field is parallel

t

to an elliptical tissue gmeoetry with small values of b/a. the electric field coupling can become very large.
Fig. 8 Illustrates Absorbed power due to an electric field coupling as a function of I./a, frequency, and
polarization fjr el.. '-solds comosed of muscle-type dielectric exposed to a 1 um/cm2 radiation field

•--+ •+' (go - 61.4 VWm). FOr b/a ( 10-1 the absorption increases two orders of magnitude or greater over that due
to the electric field coupling to a sphere (b/a u 1).

It is Important tc note that even though the uniform inner field approaches the applied field when
b/a -P 0 (simalating a thin rod) that continuity of the normal diaplacesent current requires that at the
poles of the ellipsolA local field strength of

Pr.* *

tiE ~iE(13)
-~i ~0

will exiot. Thus, we would epect strong concentration of electric field strength to exist on high dielt 'tric
eutaitant or highly conducting objects such as wires, electrodes, or sharp objects Implanted in tissue. This

will be discussed in Section F of this series.

The power absorption characteristics due to combined electric and magnetic fields were obtained by
Durney, et al., 116] for ellipaoids. When the electric field is parallel to the major axis of the ellipsoid,
and the magnetic field in parallel to the minor axis, the Induced internal field for an incident plane wave
with a unit electric field is

, J. jo/,C ]-I o.jk~u20 yi/(2u2o - 1) + ( - U2o •j/(2ulo - 1)1 (1,)

where
-u2 0 - IN [ /(u1O2)lnr(u1 0 + 1)/(U 0 -l)J] -1'

U10 //aO (16)

and the (x,y,z) coordinate system is centered in the ellipsoid with the z axis alon& the major axis and
the x axis along a minor axis, and again, as for the spherical case, the total field is a combination nf a



uniform field Induced by the electric field (first term of Eq. 14) and a circulating eddy curtent field
induced by the magnetic field (the second term of the equation). For this case, however, the uniform este-
tric field induced component is much larger with increased axial ratio b/a.

F. FIELD COUPLING FRCK FINITE SOURCES

* 1. Aperturte Sources

If other than a plane wave source is used to expose biological tissues, the absotbed power density
patterns are also very dependent on source site and distribution. Ntany applications of microwave power in
medicine and studieas on the biological effects of microwave power require an understanding of the absorbed
power patterns due to tissues exposed to aperture and waveguide sources. Guy 1111 has analyzed the case
where a bilayered fat and muscle tissue layer is exposed t.o a direct cogtact aperture source of width a and
height b. A fat tissue layer of thickness zI and dielectric constant a• In contact with a semi-infinite
muscle layer with a dielectric constant c* is assumed. The origin of the coordinato syot"_ is located at
the center and in the plane of the aperture with the x axis parallel to height b and the z axis in the
direction of propagation into the tissue. The electric fields El~m in the fat and muscle tissue may be
expressed ati Fourier Integralsi

Sif,.(x.YS) - T--- f I T.(u'vz)P' "÷Vdudv (17)
T2.) 2  

-

where Tf,, are the Fourier transforms of the electric fields at the fat and muscle boundaries, derived from

the boundary conditions at z - 0 and x - sI in terms of the Fourier transform of the aperture

T (uv) - f E(xy.O)e-J ux+y) dxdy (18)

The aperture field is denoted as Ef(xy,O) and i is a unit vector along che a axis. The expressions may be
evaluated numerically and the abs5ption patterns plotted by means of a digital computer. As an example, we
may consider a waveguide aperture source and evaluate it as a diathermy applicator for use at 918 Mi1s.
Fig. 9 illustrates the complete helting curves in the x-z plane for a a 12 cm and b - 2, 4, 12, and 26 cm.
Hearing 3t the fat surface for a piane wave exposure is denoted by the dashed line on the figures. The
resultp show that the relative heating varies from intenae superficial heating in excess of that produced

by a plane wave to deep heating greater than that produced by a plane wave as aperture size is increased.

The absorbed power density patterns In multilayered cylindrical tissues exposed to an aperture source
can also be determined by using P summation of three-dimensional cylindrical waves, expressing the aperture
field as a two-dimensional Fourier series and matching the boundary conditions. Ho, et al., 117J,[18] have
calculated the absorbed patterns for a number of different aperture and cylinder sizes. Typical results are
shown in Fig. 10 for a human aria-sire cylinder exposed to a surface aperture source 12 cm long in the direc-
tion of the axis. The patterns are plotted as a function of radial distance from the center of the cylinder
for various circumferential angles 0 from the center of the aperture. The patterna are normalized to the
values at I - 0 at the imiscle interface. The difference between the patterns in the cylindrical tissues
and those illustrated for the plane layers indicates the importance of tissue curvature when assessing the
effectiveness and safety devices designed for medical application of microwave energy.

All of the theoretical results discussed in this section strongly point to the ineffectiveness of the
2450 MH. frequency as a diathermy frequency as pointed out in earlier reports by Schwan [fl,[2), Lehmann
1191, and Guy, et al., [111,120]. Although the lower frequencies of 915 MHz authorized in the United States
or 433 MHz authorized in Europe appear to be better choices, it appears from the theoretical data that 750 10s
would be the best choice. By their nature the frequencies that provide the best therapeutic heating would
also be frequencies that cculd be most hazardous to man in an uncontrolled situation.

2. Lumped Inductor Source

The type of source that has been used frequenLly in shortwave diathermy is an inductive #ýoil designed
to induce 27.12 MHz eddy currents in tissues by magnetic induction. A great deal of insight and some quanti-
tative information concerning absorbed power can be gained through a simple theoretical analysis of the coup-
ling characteristics of the applicator to tissue. The applicator can be analyzed by considering the case of
planar skin, fat and muscle geometry exposed to a flat pancake coil with coordinates and parameters as defined
in Fig. 11. Since the sine of the coil io a-all compared to the 11 meter wavelength, the mathematics can be
greatly simplified by approximating the actual spiral coil with perfect concentric loops zonnected in series
and assuming quasi-stationary field conditions 1211. The vector potential, A,. and magnetic field, H,9 of
the coil are 1I ( ()1/2

A0 . _-) Ei I 1 2 - E(k (19)271 k 2

H k [K(k 4 e E(k2 (20)

4 (p) -(a) (a )2 + (s + h)2

where

ki2 i+ (21)(1ai2++ +i)

and where K(ki) and E(ki) are complete elliptical integrals of the first and second kind, ai im the radius
of the ith loop, n is the number of loops. I Is the loop current, u is the permeability of free upace, and
p and a ate cylindrical coordinates of the point of observation. The magnetically induced electric field
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cemponmat I-may be expressed as 3 J wA, which at shortuave dlathetrm fieueateieo am be eem-4- te pass-
trate the tt saes without signifclmt perturbation sinee the tissues ar nw. ly tramepatret to ... i* mer-field
inductive components of the coil.

The major field component induced in the subcutaneous fat due to the voltagea, AID of the coil is
normal to the interfaces given by

--- A X 2h K(k 1)- I(N1) (22)
if1 UL(p + at) 2+ h 2 132( L

• %JiZl•lp %2 h2)3/2 (p -a)2+h

in the fat where k (k1 ) 1 - (23
k " 2 INki)

12 21

and kI is simply Equation 21 evaluated at a - 0.

If we ignore the field spreading and other quasi-static field components because of the close proximity

of the fat-muscle interface, we may obtain an estimate of the absorbed power in the fat

Saf R 2 +a2 X 10-3 (24)Wa Pf a-.•[i2+

due to both the induction field and the significant component of the quasi-static field.

Wksn evaluating Eq. 24, one should keep in mind that the most desirable heating or absorption patterns
for therapeutic purposes corresponds to minimum relative heating in the fat with nauimo relative heating
and depth of penetration into the muscle. Fig. 12 illustrates the calculated results for tissues exposed
to a flat coil with the same wire thickness and radii of turns as a typical commercial applicator. Three
concentric loops provide the closest approzimation for this case. With such few turns, it is more convenient
to assume that the total applied voltage calculated from the coil current and inductance was distributed
equally between the canter and the inner and outer loops. A coil curreat of 1 A, a fat thickness of a, - 2 ca
and a spacing of 3 cm between the applicator coil and the surface of the fat are assumed. The results show
that the coil Induces a toroidal heating pattern with a mexzmum heating of 0.665 W/kg In the uncle at a

redlal distance p - 5.5 ca from the coil axis with a penetration depth (depth where heating drop* by a factor
of e-2 from the maximum) into the muscle of about 4 cm. The mImuim heating in the fat which occurs on the
axis is approximately one-third that of the muscle. A second lower peak occurs in the fat at p - 5.8 ca.
The former is due to the coupling from the electric field induced by magnetic coupling. The value of heatingfor other values of coil current nay be obtained by multiplying the results given in the figure by the square
of the coil current. The value of coil current varies according to the power output setting of the generator,
the spacing between the coil and the patient, and the geometry of the exposed tissue.
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ITMLE I Properties of Nicromoves in Oiologtcal ftdls

*jsc#e, Skin, and Tissues wlth High Water Content

Freuarcy Wayi1i th Dielectric Conductivity avelenIgth O A of Reflection Ibflct5iio(*) On:ta1nt it INH Pont ratiin Coefficient Coefficient

• (€c) H) (hus nter) (cm) (cm) AtPirisclo tsle-rFatrSInetwfats Inter 0c

i 30.000 2.m 0.4W0 43X 91.3 0.92 '179 .. ..

10 3.O00 160 0.6n 118 11.6 0.966 +178 ..

27.12 1,106 113 0.612 68.1 14.3 0.925 4177 0.451 -11.13
40.68 738 97.3 0.693 51.3 11.2 0.913 4176 0.652 -0.21

100 300 71.7 0.089 27 6.66 O.81 +4175 0.6'" 7.96

21 150 SG5. 1.29 16.6 4.79 0.944 +17S 0.612 8.06

300 100 54 1.37 11.9 3.01 0.815 +17S 0.592 8.14

433 69s.3 53 1.43 S.75 1.37 0.803 +171 0.562 7.06

750 40 52 1.54 5.34 3.18 0.77 9 +176 0.532 S.69

V 5 32.8 51 1.60 4.46 3.04 0.772 +177 0.S19 4.32

I 1m00 20 49 1.77 2.81 2.42 0.761 +177 0.506 3.66

2450 12.2 47 2.21 1.75 1.70 0.754 +17 0.500 3.88

30M 10 46 2.26 1.45 1.61 0.751 *178 0.49s 3.20

Sm00 6 44 3.92 0.89 0.788 0.749 +177 0.502 4.06

5800 5.17 43.3 4.73 0.77S 07E 0.746 +177 0.502 4.29

8000 3.75 W0 7.65 0.578 0.413 0.740 +176 0.013 6.61

1'00 3 WO.9 10.3 0.464 C.343 0.743 +176 0.516 S.9

Fro Johnson and Gwy 12M.

iii

- -
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T41. It Pvopertit of Nicr"Im In telotIcul "1Wt4

Fat, See., and Tissow with Lw Vater Content

.reulcy velength Dielettric Conductivity Wawlelgth Depth of sflectIon l•floction
(pil) In Air Constant V L Penetration Coafflcttnt coefficient

•- (es) (CL) (111o/m01) (CM () Air-fat In Wfic Fat.eIg

Ir r30.000i n ~ ~ i m [

* 1 30,000 .........

27,12 1,106 20 10.9 - 43.2 241 1S9 0,660 +174 0.651 +.16
40.68 738 14.6 12.6 - 52.8 187 118 0.617 +173 0.6S + 17I

100 3O 7.45 19.1 - 75.9 106 60.4 0.511 +168 0.6%0 +172

200 150 5.95 25.8 - 94.2 59.7 39.2 0.458 +168 0.612 +172
300 100 5.7 31.6- 107 41 32.1 0.438 +169 0.592 +172
433 69.3 5.6 37.9 - 118 28.8 26.2 0.427 +170 0.562 +173

750 40 5.6 49.8 - 138 16.8 23 0.41S +173 0.53t +174

915 32.8 5.6 55.6 - 147 13.7 17.7 0.417 +173 0.519 +176

1s50 20 S.6 70.8 - 171 8.41 11.9 0.412 +174 0.506 +176

2450 12.2 5.5 96.4 - 2i3 5.21 11.2 0.406 +176 0.100 +176

3000 10 5.5 110 - 234 4.25 9.74 0.406 +176 0.49S +117

5000 6 5.5 162 - 309 2.63 6.67 0.393 +176 0.0t +17S

5800 5.17 5.05 186 - 338 2,29 5.24 0.388 +176 0.502 +176

800L 375 4.7 255 - 431 1.73 4.61 0.371 +176 0.513 +173

10000 3 4.5 324 - 549 1.41 3.39 0.363 +175 0.S18 +174

- Frm Jo10no1 auy 122..

TASLE III THERUAL AND PHYSICAL PROPERTIES OF HUMAN TISSUES

Tiosue Sub- Specific Rest Density Metabolic 1oo flow Thil
script Conducivity

Kcal/kl so/cc Rate (We) lte (a) k•'• /kt WlOO on-min .°C-o

skeleogi macli m 1.07 4.4
Ceecised)

a- .83 0.7 2.7 6.42

fat f .34 0.937 2.

hnse(coctical) be .3 1.79 1.

hee(e.poma) be .71 1.5-

bloed bl .93 1.06 _ 5.06

heert saicle a 33 84

breia(mctIN) bh 5.0

braia(livial) bt 11 54 8.05

kid"Fy 20 420

liver I 6.7 $7.7

ek(ilivies) - 1 13.8 4.42

Io body 1.3 -.J

(1) For •1.
(2) For human

*From Guy et al 1221.
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surrounded by thin layers •f; bone and skini man exposed to 918 MIr radiation (radius large'
exposed to 918 M•lz radiation (radius in the compared with :i wavelength with tissue).

order of a wavelength in tissue).
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tran exposed to 10 "Iz radiation (radius• ýa11 a mouse exposed to 10 MHtz radiation (radius

c ampared with awavelength in tissue). small compared with a wavelenikth In tissue).

2
Fig. 4 Power absorption densities in spherical tissue lavers exposed to I mW/cm incident plane wave

power density. From (;Gy [231
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Fig. I Power absorption density versus outside Fig. a Quasi-static solution of absorbed
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of animal exposed to 2450 MIz. v s/cm' muscle medium exposed to I ntsi/c
plane wave. From Guy [23) radiation field.
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fig. 1l Geasetry and coordinates for a aktn-fat-muacle tissue
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Studies of the~ hiolovcal effects of vleclromiaganetlc radiation I EMRI exp'-stire ulten cite lenis opatifica-
Hai% its A major threat to 111an. The purpose of this paper lis t* anallyst. rolIrctivety. the' E.'dl rehtearch 1
ittudieas on ocular effects and provide an overview of the practical ampect,, ot this proteine today. Ihe
princ ipal conclusions troni this effort are: i i The acute thermal instill trunm highb itrntmil lEMl fieirtis

is catairacto znic if knitraocular tsenperaturom reach 4-S~ C. 921 The EMHk expostire thrt'shlbid is

effe~ct front EMP expuaurte tnllt.st each single .::strv is sthfitiient t: pruove ?. omv irreparable

1INTRODUCT1ON'2

The fact thot microwaves ozan pro .cc lelnticuilar opavitl.is tit the i'ye has 1werk knowvn for over two
44cadels (I t) in any genw-4-& asme ent ofi the biulugti%.al effcect t, elcroiage radiation fields,.

t he eye is often identified an thi. Ala rai-n of conct-rn, Putiveler, the bulk of a\ailabile experi-

ru.-'tal evidence (7-101 supports t. 'ition that i'eto hn' mit ruwa~leradiofrequency) radiatior
gEMP, -ipusures greate.x than I101 I C1111 fur periodsb longer that% an itwur are required to produce lens
opact.ication. Validastion and AILLUPtance of thist threshold iialue tar 1EMI cataractoitenesis have a pro-

fo~und effect on future research needs to assess the t..sqecsof man's exposure in ENIR fields.

L ~EVIDENCE 01 E.?KI CA TARA CTOC FN .SIS

Num~erous expe irnents have bee;% condlucted to determine the IAIR thresholds for production of
lenticular opacities as a function of frequency. power density. andi o xposure tirne. Extensive reviews
of such' data are reported in the open literature 7, Kt, I 11. The !tlllowinlo table provides a sumimary of
reiie~rch findingts and conclusions of representative studies.

SUMMIAR*Y OF' EXPERPIMEFNTAL. 12V11ENC12 Of' EMH CATA1&ACTOGENl.zi1S

Investigator! V req.
Refs Author. DAte IMI-I&I Animial Exposure FProfile lResults/ConclUsions

2 Richardson 2.400 Rabbits 100 W output. eyes 5 vil Q2 o4' 54 irradiated eyes
A. W. , 1948 10, 000 from source, ter, p a. developed lenticujar

p)osterior pole of lens at- opacities. Concluded

55 ;OC, thermal effect.

3 Osborne. 2,450 Iliogs Eyes2 exposed lo 350.45.' No eva.ueamt toi
S. L. , 194H mW/cm' for 20 mnin per the eyes.

exposure over 1-wee-k
period.

S, 6 Daly, L., Z, 4Y S Lpogs 100 W output, inti-i~ular Anterior cortical cataracts
19S0-1952 Rabbits tenmp rise 30 C in dogsa. developed in 24 hrs and re-

Repeated exposures with Itressed over 9 wk&. Pos-
2-5 inches space between terior cortical castaracti.
"C" directcr and cori-ea developed tiver 9 wks.

ditions for rabbits, 7 of 17
albino and I of 17 pigment-
ed rabbitak developed cata-
racts,

6-10 exposures of the r n'41, ± hOww any ucItiar

eyes of dolts to 100 damage~.
mw/cm 2 for 30 min.
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"" - s- lgse or( ... .. ... . .. .
WRef AuNter, Nis (MAt#) A61mAl I

4 Richardeon 10,000 Rabbits 14-6? W output. pulsed 16 ofr II rabbits developed
A. W., 19SI exposaurs., .5 min. at *parities within 40 days.

S cm distance.

It. 1) Williams, 1,4S0 aebbitt % min at 590 mWtcmi to Cataract. developed over
D. it., 19VS 90 min at 190 mW/cma. 1- 14 day latent parlad.

Intraocular temps. Threshold -1&0 mW/cma.
49-530 C.

8, 14 A.dintton, 00 Guinae Free space espao.rea of No evidence of lei;, change
C. if., pigs 50 to SO PIW/cma4 . 60 could be found

D)ogs tnUn/day; 3. S, or 7
Mice dayiwk at continuously

for period* up to 45 wk&.
Average in•croasia in
rectal tomp <c 10 r.

8, IS Cogan. D. G.. 400 Rabbits bO mW/ctrz within wave- No cataracts produced with
19%8 gluide and in (rto* space whole body exposures not.r

7. a Carpnter 1.SO Rbbit solethal 
levels.

? CpeteRabbits emWpsu to uls CTahresholds f•orct rct
IP, L., 19S mW/ mf . I hrlddy for mW/ cm for cumulative
1)60, 18. 20 consecutive days. exposures. I -d day latent
147?Z Continuous qCWb and period for appearance of

Pulsed (P). catsracte. CW vs P expo-
autos incontrelatve

Z3 Reader. D.R.. 10 Primates Four rhesus monkey* ex- rytv examination 1. 4. L
1971 poled to pulled fields days posthxposure and

180 roW/can for 4 hoursn weekly for 8 weeks re-
vealed no ocular Chante.

i 16 Birenbaum. 1. SOO Rabbits I•0 exposures to pulsed Thresholds for cataracts
L", 19b9 (800 - fields. 6.11 exposures to similar to CA r ntor data

S6. O~i W fields. (11I0 mW/Crn 1, latent
S~period 4 days, No detect-

able difference between P
and CW exposures. Cfoc-
taeoneis of radiation
d7min.r hed with decreasing
frequency.

a .illie. 8. -00 Dogs Puse rW/cm exposures Without cooldnc. immediate
ti. D. . 199• under hyfothrrmic con- and delayed cantracts were

ditions l cooled to s 1u C). produced. Under hypither.
m1 o londitions no cataracts
were produced even with re-

p0ated exposures. Con-
cluded - Cataract produc.
tion is thermal effect.

.Michaelson. .. 800 Rabbits Free space expo d ures Produced ntre d e ad aorm-
s. M., 20-240 oW/ca* for plate opacification aso
1961- 1974 one hour. profound thermal effects

were observed).

2.800 Dogs Pulsed yxposures at 16S Did not produce Any ionti-
noW/cam for 3 hra in a cular changes for several
single exposure or years after irradiation.
6 hr/day for J wks.

I. 180 Dogs Putlsod fields &12 0. so. Periodic examination for
or 100 roW/ca' 1 I months &hter expoaares
6 hr/day. 5 days/wk. did not reveal abnormali-
Z-41 wks. ties of the tons or retina.
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i|nvis~ttlatot/ Ireq.
getsf Author, !)aote N•.t.i Animal ttposurv Profile Results/Conclusions

?, Mi thaelmon, 4.000 IDupP Mlased fivldm. - 6 No eye abnornialttls in
S. mN. hr/Jay, 5 daysIwk, or tens or retina.
liI'i?,I174 -16 hr/day. 4 doys/wk.

for 10 wiunths. fLn these
expustirnv the doll were

"free to move around. I

2, 100 lk.s Single or fractionated No permanent lenticular
Vapc"sur s to IS0 alterations.
rnW/cn for 0 niun,

Single or fractionated Resulted in lens opacifica-
exposurlm to 700 tion.
liuW €clit for 20 min,

9. 10 Guy. A. W. . 2,450 Rabbits Expolure levIQl0 from Exposure threshold for
-100 mnuWcm to SO0 cataract prjuction was2I

Xratixar. P• mW/cP, %' 10-100 IS0 mW kcm or 100 min.
U. . 147S minutes. Data suggest critical

temperature for cataracto-
lenesis to -4110 C.

2.450 Rabbits Exposed to Pame Concluded that single po-
exposure levels under tentially cataractogenic

hypothermic conditions. exposure. will not injurei
"the eye under conditions of
controlled general hypo.
thermia. Conclusion -
Heat alone is responsible
for dramage to the lens
following single, high-level
irradiation.

Z.450 Rabbits Exposure levels - 100 Periodic exams for aix
mW\/cmi30 ain/dly. months after exposure
4 days: 100 mW/cm . revealed no ocular damage.
(;0 nmn/day. 5-9 days;
100 mW/cm2 . 1l0
min/day, 8-9 days.

91 Rabbits Exposure 1400 mW/cmA Concluded threshold for

for 0 mrin. cataractogenesis is highor
for this frequency when

compared to 2450.

24 Williams. 2.450 Rabbits Multiple exposure CW Radiation did not appear to

R. J.,, 1974 2, l0 and pulsfd. 225 influence the normal tor-
i.Wlerri.. 20-30 min nea. No detectable effect.

daily for up to 5 weeka.

21 Appleton, B. 3,000 Itabbitz. 100 or ZOO mW/cm Examination daily for 14
1975 for 15 or 30 min. days. weekly for one

month, and monthly for

a year revealed no ocular

changes,

300, 40Q or SO0 Acute ocular changes
mW/cm for 15 mnm. during exposure. Animal

deaths occurred *er 30
min @1 300 rnWcm 3d

I r, min @ SO rnW/cmr
No lens changes or cat&-,
ract. were noted at one

year postexposurt.

_ _ _ L-
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Investigat, Freq. 'e

Refs Author, Datvt MHz] Animal E•wosure Profile Results Conclusions

26 Williams., 2,40 Rabbits 250 mW/cmZ, Z0 Electron microscopy re-
R.J., 1975 Main/day, 5 day/wk vealed prominent ultra-

for 6 wk. 165 structural changes in
mW/cm . 24 'Min - on* lens that had
Z times daily. 5 appeared normal by slit

day/wk. for 3 wks. lamp biomicroscopy.

The fact that these studies were conducted over a span of 25 years poses some difficulty in compar-
ing the research results and conclusions, particularly considering the lack of quantitative dosimetry in
some of thL earlier investigations. However, taken collectively, they reveal certain consistencies
which must be considered in an analysis of EMR cataractogsenesis. The acute thermal insult appears
as a primary mechanism for producing eye trauma leading to Ions opacities, but is effective only above
some power density-time threshold. These stdies indicate this threshold value is greater than 100
mW /cm applied for more than an hour. Although most of the experimental work has been conducted
using 2450 MHs radiation sources, the data auggest that lower frequencies require more intense radia-
tion exposures to produce comparable lenticular damage. This is logical from the standpoint of thermal
insult since EMR energy transfer to biological tia'sue is frequency dependent, with the higher frequen-
cies producing the maximum energy density.

The studies conducted under hypothermic conditions provide remarkably strong evidence that heat
alone is responsible for ocular lens damap'2 following uingle high-intensity EMR exposures. Thus,
time of exposure is also a critical parameter for lens injury.

In studies vhere the radiation was applied to the w,'jle body of the animal, lethality often resulted.
In a practical sense, this should redu:,. the concern fo) a&,.re eye injuries from EMR exposures.
Studies such as these cause questionr to be raised concerning the selection of test subjects and extrap-o lation of the research findings to m,&n. However, it is believed that the EMVR exposures used in these

F experiments represent a worst case biological insult, i.e., these exposures were more traumatic to

the animals than they would be to man.

Many different types of retrospective studies have been conducted in an attempt to gain useful data
from actual or suspected exposure of human populations to EMR fields. One mf the earliest of such
studies was performed in 1943 (7, 8, 17) on 45 military radar operators. In 1958. another study of
335 microwave workers was reported (7, 8, 18). Neither survey revealed any significant findings. A

more extensive but different type of study (7. 8. 19) of the records of 2, 946 World War II and Korean
veterans treated by the U.S. Veterans Administration Hospitals for cataracts compared to those of
2, 164 veterans withdut cataracts was made to determine if the cataract incidence could be related to
greater occupational risk (exposure to EMR). It was concluded that the group occupationally exposed
or associated with microwaves exhibited no increased ,,isks of cataracts. References 7 and 8 discuss,
"in detail, the major controversies concerning the interpretation and validity of a number of occupational
surveys and ir.dividual case reports.

In spite of repeated attempts to analyze and apply 0-%ta from retrospective studies, little has been
gained from such efforts. However, the following general observations are worthy of consideration:

(1) Human data alone does not provide conclusive evidence that EMR produces cataracts in man.

(2) Soma surveys may indicate statistically significant increases in lenticular defects in microwave
workers, but none has shown any clinically significant defects in terms of decreased visual acuity, i. e.
no apparent loss of functional vision.

(3) Case reports of diathermy treatment in the area of the eye using multipie exposures at power
densities of 80-240 mW/cm2 did not result in production of cataracts.

(4) The exposure levels with which clinically significant cataracts have been tenuously associated
indicate the cataractogenic threshold is over 100 mW/cm 2 for man.

(5) Human populations, including groups that work with or near EMR emitters, are rarely subjected
to fields having average power densities greater than about 1 mW/cn.z and in most cases the fields ard
lower.

DISCUSSION

Interpretation and significance of controlled research studies and retrospective surveys of various
population groups will be debated i')r many years to come. The controversies will include applicability
of specific laboratory procedures used to administer and measure EMI. fields and the tools and



techniques used to quantitate biological response. The current state-of-knowledge concerning EMR
effects on the eye may be summarized briefly as follows:

The acute thermal insult resulting from EMR expoaures is believed to be the predominant mechanism
responsible for the production of lenticular opacitie. In the eye (7, 9). It appears that intraocular tem.
peratures in the range of -45--.5C must be reached before opacities develop. Thus, cumulative effects
of EMR exposures would not be anticipated unless each single exposure exceeded the critical threshold
level necessary to produce some degree of irreparable injury. Based on the experimental evidence
summarized herein, the threshold level is grt•ater than 100 mW/craZ applied for more than one hour.
A latency period of several days is indicated for the development of cataracts. Additionally, Michaelson
reports (7), "No one hav yet been able to produce cataracts even by repetitive exposures when the power
density to really below threshold." Applvton, who has been actively engaged in clinical surveys of nu-
merous military population groups (20) and microwave research studies (21). further states: 11. Lens
damage probably has not occurred in human@ fromr cumulative exposure to Io, levels of microwave
energy. 2. Lens damage probably could not occur in a human from acute exposure to microwave
"o'ergy without associated severe facial burns." (22).

While the emphasis in past research studies and in this paper is on acute EMR cataractogenesis,
future studies of the effect of EMR on the eye should consider more subtle indicationu of energy transfer,
such as alterations in lens protein and/or ultrastructural changes, and any possible long-term adverse
consequences (25, 26).
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functional *lterations In the neuruendocrine system of both animals and humans exposed to microwaves
have been reported by seerel investigators. The findings Include changes In the secretions of the
pituitary gland, adrenal cortex, thyroid gland, and the gonads. In mot c•aes, the endocrine chonges
attributed to microwave exposure have not been adequately documented. The findings of a 16rge number of
studies have been used to overstate tht conclusions, or derive assumptions Incompatible with the cybernetic
model of the function of the nuroe•ndocrine system. wonfilicting and Inconsistent results of research and
observations by various Investigators also exist (I).

Soft investigators believe endocrine changes result from stimulation of the hypothalamic-hypophysial
system due to thermal interactiocs at the hypothalamic or IImediately adjacent levels of organization, the
hypophysis Itself (pituitary), or the particular endocrine gland or end-organ under stuey. According to
other investigators, the observed changes have been Interpreted as being the result of direct mliroweve
Interactions with the central nervous system.

Several investigators have reported biochumical and physiological changes as a result of microwave
exposure which suqgest an adrenal effect. Three and 24 hours after dogs were Irradiated with 3000 AH:,
10 We/cm , the corticosterold content In their blood Increased by lIM and 150% above the original level,
while blood potassium was down 5-10% and blood sodium up by percentages in the same range (2). Susceptl-
bility of rats to microwave exposure was sharply Increased I week after bilateral adrenalectomy (2).

The pituitary gland In female mice exposed to 3000 MH: (10 sM/cm') twice daily for S Cionths, preserved
Its gonadotropic function, although its activity was reduced in comparison with that in nonexposed animals
(3). Tolgskaya and Gordon (4), In discussing the dynamics of changes in the neurosecretory function of
the hypothalamus noted the reversibility of the process when exposure Is terminated.
fondIn rats exposed to microwaves of varying intensity, no quantitative changes In cortiltosteroqie were
found in the adranals and blood plasma. Prepubesceti c-ats with the pituitary removed displayed no differmues
in adrenal growth rate when treated with pituitary h, -,-Jnaets collicted from rats exposed to microwaves
as well as from control rats (I). Rats exposed to I ihiz (CU), 10 mW/cm' for 4 hours, showed no change
in adrenal weights, phenylethanolemine-N-methyl transterase (PNMT) activity or epinephrine levels (5).
After 16 hours of exposure (0.4 0 C Increase In rectal temperature compared to controls). however, decrease
In adrenal epinephrine (32%) was significant and PONT activity was elevated 25%. There were no statistically
significant differences (p >0.1) between exposed and sham-exposed animals in adrenal or plasma cortico-
sterone levels. in agreement with these findings, no significant changes were noted in numbers of
circulating lymphocytes or eosinophils. The author suggested that although eosinophil and lymphocyte
counts, as well as direct measuremonts of adrenal and plasma corticosterone failed to document a pituitary-
adrenal response, the decreased adrenal epinephrine levels and elevated PNNT activity probably Indicate
adrenal epinephrine release and by compensation, augmented epinephrine synthesis via sympathetic nervous
system stimulation. It should be noted, however, that similar alterations in epinephrine levels have
been noted to occur in rats subjected to a stressful situation, such as Immobilization or acute exposure
to cold.

Petrov and Syngayevskaya (2) suggest that the enhancement of corticosterold activity during and after
irradiation could be an adaptive reaction. Some animals develop Inhibition of adrenal-cortical function
(corticosteroid activity), attended by a decline In resistance to microwaves reflecting Insufficient ACTN.
Increased resistance may be related to an increase in the secretion of ACTN, which would also be an adaptive
reaction of the organism. This is supported by the finding that the resistance of some animals to micrcw.ves
is slightly Increased when ACTH is administered.

HYPOTHALMI C-H4YPOPHYS IAL-THYRO ID RESPONSE

The literature offers comparatively few experimental studies of the effect of microwaves on the thyroid.
Rats exposed to various regimens of microwave radiation (2450 HNz, CW, I n•/cm2 continuously for 8 weeks
or 10 nm/ma2, I hr/day for 8 weeks) were evaluated in terms of their thyroid and thyrotropic activity. No
alterations in structure or function were noted which could be attributed to a specific effect of microwave
radiation (6). On the other hand, a stimulatory in'luence of 5 MW/cm2 on the trapping and secretory
functions of the thyroid gland of rabbits has been reported (7). These functional changes were In agreement
with altered histilogy of the thyroids.

The ability of the tiyroid to concentrate iodide, as measured by the ratio of accumulated thyroidal
111 divided by the concentration of serum "'I, T/S (), was reduced in rats exposed for 16 hours tc
2450 NHz (CU) at field Intensities of 20 and 25 nm//cm', but the reductions were not statistically significant
(5). In these animals there v'as a I.OoC-1.7°C increase in rectal temperature relative to controls. Serum
protein-bound iodine (PSI) and thyroxine levels were slightly but not sign•ificantly decreased at i0, 1S,
and 25 mW/cm' after 16 hours of irradiation (p >0.05). Exposure at an intensity of 15 nM/Oal for 60 hours1 produced a decrease in PSI of 23t, and a decrease in serum thyroxine of ý!P%, both of which ware statistically
significant at the 0.05 and 0.005 confidence levels, respectively. Results of rectal temperature measure-
ments after 16 or 60 hours demonstrated only a slight ano statistically insignificant temperature rise up to
a field Intensity of 20 mW/cm'. Above this level, the rectal temperature Increased sharply (5), The author
suggests that these results could be due to a primary affect on the thyroid, the pituitary, the hypothalamus,
or any combination of these. Although the temperature increase was not marked, the author does nc-e that
at this exposure ltevel (15 mW/cm/ ) there was a 0.50C 1 0.3 (SEI) rise in rectal temperature after a 60 hour
exposure.

Indirect evidence has been obtained of some protective Influence of lowered general and tissue metabolic
rate following hypol:hysectomy on the time-related lethal exposure of rats to microwaves (0). The survival



time of normal rats exposed to microwaves was largely a function of body 08st| survival time per Unit of
body weight was significantly longer in hypophysectomiold then in normal rats.

Increased radioactive iodine uptake (AIU) has been observed In doge exposed to 1210 or INC "I pulsed
microwaves, 100-165 AM/cm' (9). This was felt to be a result of Increased thyroid stimulating hormone (TSR) :
due to thermal stimulation of hypothalmic-hypophysial activity. The microwave effect on thyroid response
was transient since repeated thyroid 1111 uptake studies revealed a return in 19 1 uptake values to normal
levels. After daily microwave exposure of I to 5 weeks duration at 20 or SO OM/cm', some dogs hod an Ilmtaese
in I'll uptake. The relationship of :1'I uptake to elapsed time following 20 ard 50 mU/em was ill-defined,
whereas following a single 100 Om/cma exposure the 1111 uptake indicated a tim-reWated affect.

it has been reported that microwave exposed workers have developed enlorgemen. of the thyroid gland as
well as an increased RAIU, but in some cases without clinical symptoms of hyperfunctlo, (10). it was not pos-
sible, however, to establish correlation between the amount of thyroid activation and each Individual's micro-
wave exposure history. Because of inadequate uontrols, inapprpriate control mastchirg, and other veeos,
the data a- presented could as easily represent the ,ormal Incidence of these particular clinical findings
in this particular occupational population.

D'Yachenko (11) described the results of a study of thyroid function In 31 men,21 to 39 years oldieh
operatted microwave equipment (centimeter band) for 3 to IS years. An "asthenic-neurosis" syndr was found In
18 of the subjects, while an enhanced 2-24 hour I uptake by the thyroid was found In all of the Individuta
The changes in thyroid function in thesse subjects is attributed by the author to secondary effects resulting
from radiation-induced disturbances of the sympathetic nervous system in the vicinity of the hypothalamus.

Clinical studies and functional investigations of the thyroid by Tk and T3 determinations In 12 men
servicing microwave equipment at power density exposures of 10 uW-i nm/cm' did not reveal significant distur-
bances in thyroid function (12). A difference between the mean values of T4 and basal metabolism in the con-
trol group compared with the subjects exposed to mickowaves was attributed by the Investigators to extrane•us
effects, I.e. hypersensitity of the central nervous iystem, since neurovegetative disorders were found In
61-72 percent of persons exposed to microwaves; cause-effect ralationship was not established.

Subbota (13) reviewed the influence of low "nonthermal" intensity microwave radiation on the orgnism.
Although he did not specifically discuss thyroid or other neuroendocrine changes in experimental animals at
low levels, he did state, however, "it may be assumed that a change in the normal activity of the central
nervoub system is the primary link in the various functional disturbances, and that endocrine gland activity
changes are secondary. On the other hand, derangement of cardiovascular, gastric, and other functions is
a consequence of disturbed neuroendocrine recilation."

Petrov (14) discussed the Influence of microwave radiation at high (thermal) intensities on the thyroid
gland in experimental animals, indicating that enhanced thyroid function has generally been noted. He con-
cluded that "disturbances to neurohumoral regulation appear under irradiation with high-intensity microwaves
that cause an increase in body temperature, owing to changes in the functions of the CNS and certain endocrine
glands." HcLees and Finch (15) have reviewed the experimental animal data which indicate an increased RAIU by
the thyroid following microwave exposure. They also point out that temperature elevation and heat stress have
been associated with alterations in radioactive iodine turnover rate.

in trying to assess the effect of microwave exposure on the thyroid gland, one is led to the conclusion
the. perturbation of this endocrine organ may be the result of an indirect effect; the thermal stress on the
body producing an hypothalamic-hypophysial response. This is consistent with microwave Induced thermal stimu-
lation of hypothalamic-hypophysial-thyrold (HiT) activity (16). These changes in thyroid activity could be
the result of increased thyroid stimulating hormone (TSH) and/or increased metabolic activity of the thyroid
gland due to heating. Since thyroid gland activity has been shown to be altered by both sympathetic and par&-
sympathetic nerve stimulation (17), the above changes could also be the result of some direct interaction of
microwdves on the central nervous system. The HHT axis, however, has been shown to be critically sensitive
to environmental temperature (18). Thus, thyroid changes due to microwave exposure could be due to small
chenges in peripheral temperature.

EFFECTS ON THE t'•RV(IUS SYSTEM

Transient functional changes referrable to the central nervous system have been reported following low-
level (<10 mW/cm2) microwave irradiation. Eastern European Investigators stress that the CNS is highly sensi-
tive to all forms of radiation. Although some reports describe the thermal nature of microwaves, the majority
stress nonthermal or specific microwave effects at the molecular and cellular level. It -hould be noted, how-
ever, that changes in nervous system function may not be specific (19), and a specific, e.g., nonthermal
microwave effect has not been experimentally verified (20).

Animal experiments
In one of the earliett studies on neurologic effects jf microwaves by Oldendorf (21), evidence was found

of focal coagulation necrosis in rabbits brains exposed to 2450 MHz. The first report on the effect of micro-
wave energy in the centimeter range on the conditional response activity of experimental animals was made by
Gordon et al (22). in subsequent years, the study of the "nonthermal" effects of microwaves gradually occupied
the cen•aFT-role it, electrophysiological studies in the Soviet Union (23).

Baldwin et &l (24) found that exposure of monkeys to 225-400 MHz was followed by signs of agitation,
drowsiness, akTnesia and eye signs, as well as autonomic, sensory, and motor abnormalities. There were signs
oF diencephalic and mesencephalic disturbances; alternation of arousal and drowslnes.i, together with confirm-
irg EEG signs. The response depended on orientation of the head in the field and reflections from the
surrounding enclosure. Rabbits whose heads were exposed for 30 minutes to 3 to 300 MHz showed increased

excitation of cortical and other visual analyzers (25).
Tolgskaya et al (26) studied the effects of pulsed and CW 3000 and 10,000 MHz microwaves on rats at

various intensiTýtes. Emphasis was placed on morphologic changes. The more pronounced morphologic changes
in the nervous system following 3000 MHz than 10,000 MHz at I-I0 mr/cm2 was interpreted as evidence of a
nonthermal effect. Pulsed waves were more effective then CW. The greater effectiveness of pulsed microwavef.
was also noted by Harha (27).

Conditional response (CR). Yakovleva and associates (28) reported that single and repeated exposures
of rats to microwaves, 5-15 mW/cm', weakened the excitation process and decreased the functional activity of
cells in the cerebral cortex. Edematous changes were most often noted throughout the entire cross-section
of the cortex. The greatest number of altered cells was noted with repeated exposures at 15 am/cm'.

Lobanova (29) summarized her findings at 3000 MHz suggesting two pho.ses are evident irl changes in
CR during exposure,, an increase in excitability of the central nervous system, i.e. a weakening of active
inhibition; and a second phase of weakened excitation, with the development of external inhibition. In a
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later stu*, howver, she reported that chronic emposure of animals to Nf In the ISt-19 Wk raemp for
4. maonths at "*lo Intensity" dou not have a makled effect on their CA (30).

Conditional response &lteration has been rported In "•o emped to W (310-30,000 R1e) for 1*2
hours (31). The direction of changes In"intenseeldletion was, In the majority of leise, "opite to

tPat observed aftesr'eak'rediatlon. At S U/€mi Increased salivation was observed asa Positive CA with
relative stability of differentiation; the latent period of CR in the majority of cases was shortened with
100 W/i/.m A positive CA was elast always depressed, and differentiations ware delayed; tests with
repeated radiation Indicated the possible adaptation of the tortex to the 11W. In rabbits, brief eAposure
to 10 aWect VNf (3W-.W0 Ii) intensified conditional responses to dlfferent stimuli, wheres prolonged
exposure produced an Inhibitory effect. Selective sensitivity of the brain to this frequency wal demon,
strated by reversible structurel changes in the cerebral cortex and In the dieneephalon (2l, 33).

it is apparent that Eastern European Investigators have a gruet Interest In conditional response
Phenowwn. To understand their reports, one must reed them in the context in which they are written,
whether one accepts the precepts behind the writing or not. These investigaturs bess much of their con-
ceptual apprewl. on Pavlovian conditional response techniques end Interpretation. It shruId be mentioned
in this context that en effect Is observed only in experiments conducted according to the schemes used
by I.P. Pavlov end his followers. Among Investigators that have studied conditioned reflexes In different
animals, there is disagreement in the evaluation of the observed phenomena and their mechanism (14).

Cortical effects. Several Investigators have reported that microwave exposure produces alteration in
the electroencephalogram (E16) (32, 35, 36, 37). Stimulation is often followed by increased aeplitude
and decreased frequency of EEG components, or by decreased amplitude and increased frequency. The general
character of the observed EEG alterations is constant :nroughout a wide range of intensities (.021 Wo/nm'
to 'U 100 iWtchcm'). In general, the percentage of cases evidencing alterations increases with increasing
intensity. HIowver, some Investigators revealed a greater percent of responses at .02 mW/cma than at
Intermediate intensities (37). The EEG responses show a substantial delay which decreases with eadlation
intensity from about 100 sec at .02 mWcma to about 20 sac at 10 niM/cml. Rabbits exposed to 10,000 MHe,
pulsed, at 5 mW/cm' single exposure showed no changes In EEG tracings, but exposure to 3000 i•, 7 M/cma',
3 hours/day for 60 days produced functional changes (38).

Reviewing the literature on EEG effects requires awareness of certain deficiencies in this methodology.
There is not always a one-to-one correspondence between functional state and character of EEG recording -
which may lead to mistaken interpretation of the functional consequences of changes in the character of
spontaneous activity as the result of exposure to microwaves. Spontaneous activity may be easy to measure,
but extremely difficult to interpret (39).

Ushavioral effects. Justesen and King (40) studied the behavioral effects in rats exposed in a closed
space situation to 2-50 MRz. Average power densities approximetetl 2.5, 5.0, 10 or 15 mW/cm2. A major
finding was rate of recurrence of an iterative (phasic) tongue-licking reflex. At the high level of
SIS nM/cm', there invariably occurred a behavioral state, suggesting flaccid paralysis. The animal recovered
within 5-10 minutes after removal from the experimental chamber and thereafter exhibited no behavioral signs
indicative of stress. Rectal temperature data confirmed an impression growing from earlier beha',iorel
observations that the rat is highly variable in its thermoregulatory capability. No chronic ill effects,
behaviorally or neurohistologiceioy, were found after fairly long-term intermittent exposures at 2.5 to

15 mi*/cm
2

. Although some acute effects were observed, none was incompatible with the supposition that
thermal input was the only consequence of irradiation.

Diachanko and Miiroy (41) reported a study of pulsed and low-level CW microwave radiation effects on
an operant beharlor in rats. The subjects were trained to perform a lever pressing response on a DRL

schedule (differential reinforcement of low rate) and tested Immediately after one hour daily exposure for
one week to I, 5, 10. 15 mMW/cm power levels of 2450 Miz while other subjects were exposed to a pulsed
field of 125 kV/m. No effects were found at the 1, 5, and 10 it/cm' levels, nor did the pulsed field
affect performance. The rats exposed to 15 mW/cm2, however, while showing no significant decrement in
performance. did show obvious signs of heat stress.

In the context (if behavioral effects, it should be noted that behavior is not a simple process and
that behavioral effects represent the summation of different effects in different systems. Such effects
could be a response to subtle temperature input signals which may arise in many bndy structures.

Effect on learning abilI t. Conditional response studies have indicated alteration in learning as a
•' consequence of m~icrowave exposure (31. 42, 43). Retrograde amnesia and depressed learn-Ing have been

described in rats exposed to microwaves (44, 45). The field intensity in these studies evidently was quite
chisgh.

Alternating arousal and drowsiness effects have been noted In dogs subjected to pulsed UHF fields (31).
it has been suggested that the phenomenon of pulsed energy sleep may be related to the effects described

above (46). In this technique a low intensity current (0.2 mA) is applied to the brain between occipital
and orbital electrodes. This current is pulsed at a rate between I and 100 pps, with a pulse duration of
0.3 ms. Under these conditions a sleep-like state (which is apparently quite similar to normal physiological
sleep) is observeJ in the subjects. Pulued energy sleep has been used as therapy for psychopathologicS~candle iors..

Reported observations in man
Effects in man referrabie to CNS sensitivity have been described (14, 42, 47, 48, 49). Most of the

reported effects are subjective, consisting of fatigability, headache,sleepiness, Irritability, loss of
appetite, and memory difficulties. Psychic changes that include unstable mood, hypochondriasis, and
anxiety have been observed. Compared to those in control groups, persons working in microwave fields of
various intensities complain often of a heavy feeling in their heads, headaches, fatigue, drowsiness in
the daytime, irritability, poor memory, and a pain in the heart,usually of the aching, stabbing type.
Objective symptoms ere bright red, diffuse, persistent dermographia, hyperhldrosis, unstable arterial
pressure, and angiopathy of the retina. Autonomic vascular Instability is reflected in changes il tlhe
electrocardiogram (bradycardia, disturbance in Intraventricular conduction). Mental disorders such as
anxiety, insecurity, hypochondria, suicidal thoughts, and at a later state, delirium, terror, visualS•ad auditory haillucinat ions. combined with Impa•irment of sleep have been reported (50). Mos,' -,1 tlý

subjective symptoms are reversible, and pathological damage to neural stru':tt•-. i. ,.' .ai. ? - .. * -f
the reports are based un subjective rather than objective findin,. It 'J ,!'
suffering from a variety of chronic diseases may exhibit t','
cardiovascular systems as those reported tobeares,,l,



Soviet and other East European Investigators have contributed most of the reports on human effects of
microwave energlesi the greatest emphasis Is on effects produced at less then "thermot¢nic" power flux
densities (CIO 41/eml). According to these authors, the responses of an organism to mlcrowave exposure
are directly or indirectly referrable to the central nervous system (14, 48, S1).

twrosthen~io synd S. The reported neurasthenic effects from electromagnetic radiation have been
ornited Into categories by wavelength, organ system, or clinical syndrome. Many of the reports In mNb
can be classified Into categories Such as: a) neurasthenic syndrome, b) autonomic vagotonlc dystonla, and
c) diencephalic syndrome (52). All three classes of symptoms have been reported in individuals subjected
to microwave fields of "A few MW/cma'bJ Thebasic sypttomotology and neuropethology underlying all of
these syndromes is reportedly due to the functional disturbance created in the central nervous system
caused by reported "non-thermal" mechanisms. these effects do not appear in relation to observed rise
in body temperature, and are reported to occur at levels far below those required to produce a temperature
rise. The symptoms are manifes&ted by weakness, fatigue, vague feelings of discomfort, headache, drowsiness,
palpitations, faintness, memory loss, and confusion. Such syndromes are completely reversible in mast
cases, with little or no time lost from work (20). in contrast, other authors emphasize the resultant
ttime lost from work, and the necessary hospitalization (51).

In regard to 'he question of neurasthenic responses, Cohen and White (54) have presented an extensive
review of neurocirculatory 4sthenia as a clinical syndrome that has Implications In assessing the reported
effects of "lo level" microwaves, leurocirculatory asthenia presents as a familial disorder with a mean
"" of onset of 26 years (range 25-35 yea.-s). Twice as many cases are presented in females compared with
males. The autshrs relate that onset of the syndrome in predisposed individuals is usually precipitated
or made worse by emotion-provoking circumstances, medical Illness, unaccustomed or hard muscular labor
(particularly if involuntary), pregnancy, and ir various situations in military service. Exact etiological
relationships are unknown, but point toward envirormental influences and familial predisposition.

torFical activity. The results of long term neurologic observation of SO0 persons exposed to electro-
magnetic fields were evaluated by Kllmkova-Deutschova (55). Most frequent subjective symptoms were:
hoasdche, fatigue and sleep disturbances. Less frequent were cases of anxiety, hyperexcltability and
vegetative disorders. The objective symptomatology was characterized by labryinthine deviations and
disturbances of pyramidal and extrapyremidal motor systems. The incidence of neurosis was significantly
higher than in controls. Experimental physiologic and EEG methods showed mostly reduced vigilance and
pathologic records independent of the intensity of the field. The disturbances in metabolic, EEG, and
clinical symptoms suggest an impairment of the regulative mechanism in the mesodiencephalic region.

Proposed mechanisms of microwave effects on neural tissues
Some reviewers have suggested that investigations purported to show neurological effects at "non-

thermal" microwave intensities do not clearly indicate whether the changes produced by microwaves are due
to generalized thermal effects or to more specific influences on particularly vulnerable tissues. The
reports of non-thermal effects of microwaves are based on a definition of thermal as being those effects
associated with a meaaurable local or whole organism temperature rise from at, equilibrated baseline. Some
investigators, however, use the term "thermal" in a some~what different sense, taking into account the fact
that an organism can be affected thermally without demonstrable core temperature rise.

As already pointed out, among the authors that have Investigated conditional responses in different
animals, there is disagreement in the evaluation of the observed phenomena and understanding of their

.mechanisms; these studies are complex and require a special Investigative approach (34). Measurement of
behavior by optrant conditioning techniques has only recently been applied to the study of microwave
radiation effects. While the study of reflex conditioning is acceptable, it nust be emphasized that a
reflex respunse (knee jerk, salivation, etc.) is a lower order, mostly spinal cord performance linked
through conditioning to the presence or absence of some stimulus signal (light, bell, etc.), the whole of
which forms a simple paradigm (41). in contrast, beehavlor elicited through operant techniques Is of a
higher order, more cerebral performance, variants of which can be built into much more complex tasks
requiring a high degree of information integration end stimulus discrimination. In short, operant
conditioning taps a different level of behavior, for while reflex conditioning fixes a natural response toa novel stimulus, operant conditioning links a novel response pattern to a complex stimulus contingency (5).

In respect to the relationship of body temperature and physiological functions, It is Important to
realize that temperature input signals arise In many body structures anmng which the following have been
identified experimentally: a) preoptlc-anterior-hypothalamus, b) posterior hypothalamus, c) mid-brain,
medulla, motor cortex and thalamus, d) spinal cord, e) skin. f) respiratory tract, and g) viscera. All of

these except the motor cortex and thalamus have been shown to evoke behavioral and/or physiological responses
to changes in local temperature (57). Stress Is known to cause the secretion of a corticotropin releasing
factor (CRfF) which stimulates the pituitary to release adrenocorticotropic hormone (ACTIO) which in turn
causes the adrenal gland to release corticosterone, a hormone carried back to the pituitary to shut off
the release of further ACTH. Both active and passive types of avoidance behavior are potentiateJ by ACTR
and reduced by corticosterone.

Changes may be produced by means of stimulation or variation of the excitability of the peripheral and
central parts of the nervous system. Since biological objects are electrically heterogeneous and microwave-
range electromagnetic fields (IMF) have as known selective thermal effect on various tissues and organs.
a difference between a microwave effect and a neutral heat effect is not necessarily due to an unknown
extrathermal factor, but might well be a function of an uneven distribution of heat in the organism whichIcould exert its own pezuliar effect.

An electromagnetic field can be reinforced In the region of peripheral nervous tissue causing a

temperature rise, even while nearby muscle and skin show no measurable temperature effect (58, 59). When
peripheral nerves are heated above a minimum level, they may trigger spontaneously. Thermal stimulation
of the peripheral nervous system con produce the neurophysiological and behavioral ;hanges that have becn
reported. The interaction between the peripheral nervous system and the central nervous system could
also account for reported cardiovascular effects (58, 59).

Presman (19, i8) suggests that resonant absorption at superhigh frequencies (gigahertz range) could
cause transitions of molecules, especially protein molecules, to excited states. He also discusses
changes in the N11 to K+ gradient across cell membranes, owing to different effects of microwaves on degrees
of hydration of these ions, as well as changes In cell permeability by the disruption of protein hydration
in the cell membrane. it must be emphasized that all this is speculative, with no experimental data given
In support (14). The changes In functions of the nervous system produced by microwaves are not specific.



Such changes are produced by any means of stimulation or variation of the excitabllity of the peripheral
and central parts of the nervous system. Hence it can be assumed that the action of microwaves on the CNS
may be due to stimulation or variation of the excitability of nervous tissues. The elucidation of the
physical and chelcal mechanisms of microwaves on excitable structures involves cosiderable difficulties,
since the physical-chemical mechanisms of exzitability of living tissue in general Is still far from clior

MacGregor (60. 61), who reviemed the literature on the influence of micrtmaves on the nervous %ystem,
has sugliested possible mechanisms of "low-intensity" microwave Influence on neural function.

A. Direct effect (primary effect on apparatus for neuroelectric ionic fluxes).
I. Direct influence on ionic currents leading In turn to influence on transmemrene potentials

In nerve cells.
2. Localized heating

a. change membrane properties, thereby disrupt transport processes;
b. Induce convection currents, thereby disrupt transport processes;
c. affect processes of synaptic transmission;
d. affect processes of excitable membrane.

3. Chemical or structural change In components of membrane, or in apparatus of synaptic mechanisms
or of excitable membrane.

I. Primary effect on cell metabolism

a. alter by heating or by structural change, properties of membrane, thereby disrupting
nutritional transfwr,

b. cause structural change ;n an enzyme or any critical molecule at any stage of metabolic
cycle;

c. alter by localized heating, processes of metabolism at any critical stage.
2. Primary effect reflects "stress"

a. neural response to disruption of neuroendocrine control systems;
b. neural response to disruption of any physiological process;
c. neural sensory respore to field directly or to localized temperature disturbances.

C. Disruption by any physical mechanism of hypophysial, glial or electromagnetic organic control
systems. Intracranial electrical fields associated with low intensity microwave irradiation may induce
transmembrane potentials of tenths of millivwlts (or more), therefore, such externally applied fields may
disturb normal nervous function through this mechanism (61).

The resting membrane potential of animal muscle and nerve cells Is generally in the range of -70 to
-110 mV; animal cells cultured in vitro may show values as low as -10 to -30 mV. Due to their selective
permeability, electrical doublerayers are formed at biological membranes which cause differences of
potential across the membranes. Therefore, the membranes are placed within electrical fields that are
conditioned by electrical double layers. The amplitude of t'lase fields is considerable, it amounts to
10s V/€m with a potential difference of 100 mV and a thickness of membrane of 100 X. Very high fields
would be required therefore to cause a direct effect on nervous tiss,.e.

Microwave fields are only capable of applying a potential to a biological membrane which is many
orders of magnitude smaller than the resting potential and, for this reason, should be unable to excite or
change normal patterns (62, 63, 6k). Using a theoretica& approach, based on biophysical principles and
el,.. o4agnetic field theory, wave propagation and absorption in tissues. Schwan (61, 65) calculated that
nervous cell membranes cannot be excited at field strengths below thermal levels at frequencies greater

*0 ')0 MHz. K-ýmbranes are short-circuited by currents of frequency above 100 MHz. The electrical field
L' !r whir ists in a nerve membrane is about 500 kV/cm. The field strengths applied by a microwave

SYi to t.--' !._.an body ore infinitely smaller, and hence, cannot evoke stimulation (63).
There is a great deal known about the excitatinn of membranes by low frequency and DC currents. In

;..se cases, excitation is possible with current densities of the order of I mAl/m in tissue. At higher
frequencies and particularly at microwave frequencies, much higher current densities are required to cause
excitation if it is at all possible. Although It is difficult to perceive, based on the above analysis, how
microwave fields can affect excitable biological membranes at power densities less than those which would
cause thermal effects (63), it should be appreciated that this is only one way in which excitation of
nerve tissue can be elicited. Other direct and indirect interaction mechanisms may be possible.

sawin at al (6(.) have reported that electromagnetic fields of 147 MHz, amplitude modulated at brain
wave freque;ncies', i.fluence spontaneous and conditioned EEG patterns in the cat at an intensity of I mW/cm2 ,
which, according to the authors.does not induce an increase in temperiiture. It should be pointed out,
however, that these amplitude modulated 147 MHz fields Induced changes in the central nervous system only
when the amplitude modu, 'n frequency approachnd that of physiologic bioelectric function rhythms. No
effects were 't. -ot moi'. on frequencies below 8 Hz and above 16 Hz. Sawin et al(67) have also shown
calcium fi:.o trom tt.c ci.cx brain exposed in vitro to 147 MHz electromagnetic-Tiei-ds. amplitude modulated
at 9, II, 16, and 20 ilz. This suggests to the aut-ho•rs that electromagnetic fields may induce conformational
changes of the neuronal membrane resulting in displacement of the surface bound cations.

It is apparent that the reports which claim the existence of nonthermal effects are equivocal. Addi-
tional research, especially of a more quantitative nature, is needed to clarify this point. "Specific"
effects quoted in the liter-ure are biologicaly interesting but havu not been clearly shown to be related
to symptoms in man (68). tless of what the mecbanisms are, the Important point ;s whether or not the
effects attributed to the- .aunisms do indeed exist, and If they exist, to what extent do they represent
harm to the individual.

REFERENCES

I. Mikolajczyk, H. Hormone reactions and changes in endocrine glands under Influence of microwaves.
Medycyna Lotnicza No. 39 (1972) 39-51.

2. Petrov, I.R. and V.A. Syngayevskaya. Endocrine glands. In: Petrov, I.R. (ed.). Influence of
Microwave Radiation on the Organism of Man and Animals. Leningrad, Meditsina Press (1970) 31.

3. Serezniltskaya, A.N. The effect of 10-centimeter and ultrashort waves on the reproductive function of
female mice. Gig. Tr. Prof. Zabol. No. 9 (1968) 33-37.

law_



Ii. Toliskera, A.S. and L.V. Gordon. Change in the "ourosecretury function of the hypothalamus and the

"nuto-litvi tar, body during chronic Irradiation with cetimetier waves of lowe intensity. Int the
61ological if fect of Radio*Proquency fields. Works of the Laboratory of ftadio-frwwency glectraftaetic

fils institute of Work Hygiene end Occupational Diseases. NoIS issue 3, Reew (19") 1197.

S. aranski, S., K. Ostrow ki and W. Studolnik'Saranska. functional and morphological studies of the

ArForce Bas, Now York, Rome Air Dev. Ctr. (1967) (ASTIA Duc. No. AD 824-242); in, Radiat ion
Cnrlfur Health and Safety Act rf 1967, Hearings on S.2067. S.3211, H.R. 10730, Coewwitt*,. on

Cwowmerce, U.S. Senate. 90th Congress, 2nd Session. Washington, D'.C. (,1968) 1443-1570.
10. Smiroova, M.I. and MN.. Sadchikove. Determination of the functional activity of the thyroid gland

by means of radioactive Iodine ;%- worker& with UHF generators. In, Letavet, A.A. and Z.V. Gordon
(*is.). The liological Action of Ultrahigh Frequencies. Moscow (1960) S0-St.

It. D'Yachenko, N.A. Changes In thyroid function with chronic exposure to microwave radiation, Sig.
'r. Prof. 2Zabol. 1I. (1970) 511S2.

12. Denisiewica, ft., R. Dziuk, and M. Sisklerzynski. Evaluation of thyroid furct.iwl in Persons occupa-
tionally exposed to microwav, radiation. Polskie Archiwum Medycyny Wewnetratitj 4S5 (1970) 19.

13. Subbota. A.G. Changes in functions of various systems of the organism. In- Petrov, l.A. (.d.).
lnfl~aer~ce of Microwave Radiation on the Organism of Man and Animals. Leningrad, Meditsina Press
(1970) 66.

14. Petrov. l.R. (ed.). inf'uence of Microwave Radiatiumi on the Organism of Man and Animals. Leningrad, 2
Meditsina Prei.% (1970).

IS. McL~es, B.G., and E.D. Finch. Analysis of the Physiologic Effects of NIcrowcve Radiation. Bethesda,
Md., Nov, Med. Res. inst, (Proj. MF12.S26.0lS-000lO RePt. No. 3) (0971).

16. Michaelson. S.MI., R.A.E. Thomson and J.W. Nowliand. Physiologic aspects of microwave irradiation of
ymammaels. Amer. J1. Physiol. 201 (0%01 3S1-356.

17. Shicume, K. and S. Okinaka. '.jintrol of thyroid function by the nervous system. in- Sajus*, E. and
G. Jasmin (ads.). Major Problems In Neuroendocrinology. Hew York, S, Karger, lasl( 966) 286-306.I 18. Collins, K.,J. and J.S. Weiner. Endocrirological aspects cf exposure to high environmental temperatures.
Physiol. Rev. 485 (1968) 785-839.

19. Presnan, A.S. The effect 01 ndcrowaves on living organisms and biological structures. Usp. fit.
Nook. 86 (1965) 263-302.

20. Osipov. Vu.A. Occupational Hygiene a'.d the Effect of Radio-Frequency Electromagnetic Field., on
Workers. Leningrad, Msdit~ina Press (1965).

21. Oldendorf. W.14. Focal neurological lesions produced by microwave irradiation. Proc. Soc. Exptl.
k Ill1. Med. 72 (191.9) 432-4.34.

22. Gordon, Z.V., Ye.A. Lobanova and M.S. Tolgskaya. Some date on the effect of centimeter waves (experi-
mental studies). n'ig. sao"t. (USSR) No. 12 (1955) 16-!S.

23. Novitskiy, Yu.l., Z.V. Gordon. A.F. Presman and Yu.A. Kholodov. Radio Frequencies and Microwaves.
Magnetic and Electrical Fields. 'washinaton. 0,C., N.A.S.A. (1971) (NASA TT F-14.021).

24. Baldwin, Ai.. S. Bach, and S.A. Lewis. Effa&ýtr of radio frequency energy on primate cerebral activity.
F Neurol. 10 (1960) 178-187.

25. Toigskaya, M.S. and Z.V. Gordon. Ch~oges In tht, receptor and irteroreceptor apparatuses under theI
influence of UHF. In: Letavet, A.A. and Z.V. (wordon (ad.). Tho Biological Action of Ultrahigh
Frequencies. Moscow, Acad. Med. Sci. (1960) 104-108.-.

26. Tolgskaya, M.S.. Z.V. Gordon and Ve.A. Lobianokra, Morphological changes It, experimental animals under

(1960) 90-98.4
27. Mania, K. Biological effects uf rf electromagnetic waves. Precovni Lekarstvi. Prigue IS (1963) 387-

393.
28. Yakovleva, 94.I., T.P. Shlyafer and I.P. Tsvetkova. On the question of conditioned cardiac reflexes,

the functional anti morphological state of cortical neurons under the effect of superhigh-frequency
electromagnetic fields. Zh. Vysshei Nervol Deyastctnostf (USSR) 18 (1968) 973-978.

29. Lobanova, V..A. Changes In conditioned-reflex activity of aniiials due to exposure to microwaves of
various frequency ranges. Tr. Gig. Tr. Prof. AMNNSR No. 2 (1964.) 13-19.

30. Loboanva. Ye.A, and A.V. Goncharova. The effect of radio-frequency electromagnetic fields in the
191 and 155 Mc ranges -)n the conditioned ref lexes~ of animals. Gig. Tr. Prof. Zhhl.No. 3 (1968) 76-80.

31. Subboto, A.G. The effect of pulsed SNF-UHF electromagnetic fields on the higher nervous activity
of dogs. Biul. Eksp. $lol. Ked. 66 (1958) 55-61.



32. Kh@Iodov, Vu.A. The effect en electromagnetic field On the central nervous sysemi. priewlat
USSR NO.. .(! 10111-11.

33 Rholodov, Yu.A. The 9ffseti of ItlectrnmegneOtic end 016gnetit Fields on the Cer~trs Nervous Syte
Moscow,"IS iIi"Pes (1956).

34., Livshits, N.N. On the causes Of the dicAgrefemelts in evaluating th~e redadosnsitivity of the central
nervous system40e1"o~ researchers uslhq condit~uned refilts and ma&&* methods. Radie4lbiology 1 (196?)

3S. Kholodov, Vu.I.. Changes In the electrical activity of the rabbit cerebral torte" during exosure to
a UNIF*HF electrumagoletic field. Pa~t 2. The direct pctilon of the UHf-H field on the central nervous
system. 111W. tksp. Riot. ftd. 55 11963) 1.2-4,

3'. Kholudov, Yu.A. The Influence of a VNIP.Hf electromagnetic Field an the electrical activity Of an
isollated strip of Cerebral cortex. slut. Shikp. Slot. Ned. S7 (1961.) 94-102.

3?. klva~wv, MNH., A3. Taypin, 1u.4. 11rigaryloy, VAG. Krushchev, S.01. Steplano and V.55. Ananlyev. the
affect of electromagnetic fiel1ds on the bloelectric activity of terebral Cortex '11 rabbits. silut.
[kip. Biot. Mod. 1.9 (19%0) 63-G?.

35. Bartansi, S. and 2. [delwejn. FlectroenCeplhAlogralphiCal and morphological Investigation Apon the

influence of microwaves on the central nervous system. Acto Physic]1. Pol. 18 (1967) 51?5312.

39. Harris. F.A. A recommendation cwtontefing the importance of quantitative studios of the effects of
miceowaveIrradiation on the control nervous system. Biomed!ical tngineering Society Task forces

1.0. Justesen, D.A. and NWV. King. Behavioral effects of low level microxave Irradleat~n In the closed
space situation. In., Cleary. S.F. Biological tffects a'.' Health ImPl~Iationt of Microwave Radiation,
Symposium Proceedings. Rockville, Maryland. U.S. Public Health Service, U.S. Dept. Health, fducation,
and Welfare, IRM/401 70-2 (1970) 154-1..19

4i. Oiachenko, JA. and W.C. Milroy. The Effects of High Plower Puised and Low Level CV Microwave Radio-
tion on an Operant Behaviour in Rats%. Dahigren. Virginia. Naval Surface Weapons Center, Oshigren
Laboratory (1975).

Ii2. Gordon. Z.V. The problem of the biological action of UHF. Tr. Gig. Yr, Prof. AMN SSSR No. 1 (1340)

1.3. Lobanova, Ye.A. anid M.S. Tolgskaya. Change In the higher nervous activity and Interneuron connection*
In the cerebral cortex of animais under the Influence of UHF. Yr. Gig. Yr. Prof. ANN SSSR No. I
(1960) 69-74..

44,. Bryan. R.N. Retrograde affnmsia: Effects of handling 4ind microwave radiation. Science IS) (1944)

4.5. Justesen, O.K., R.I. Pendeltorl and P.S. Porter. Effects of hyperthermia on activity and learning.
Psychol. Re!'. 9 (1961) 99-102.

1.6. Turner, J.J. The Effects of Radar nn the Humanl body; Results of Russian Studies an the Subject.
(Suimmary based on A.A. Letayet and Z.V. Gordon (eds.). The Biological Action Of Ultra-High
Frequencies. Moscow, 1960) Washingturl, D.C. (ASTIA Doc, AD 278172) (1962).

4.7. Marha. K., J. Musil and H. Tuha. Electromagnetic Fields and the Living Environment. Prague,
Czechoslovakia, State Health Publishing House (1968) (Transl. SIN 911302-13-7, San Franclitco,
San Francisco Press, Inc., 1971).

48. Presman, A.S. Electromagnetic Fields and Life. Moscow, tad-vo Nauka (1968) (Transi. New York.

4.9. Tolgskaya, A.S. and Z.V. Gordon. Pathological Effects of Radio Waves. Moscow, Meditsinei Press
(1971) (Now York, Consultants Bureau, 1973).

50. Orlova. T.H. Clinical asptcts of noontal disorders following protracted human exposure to super-high
frequency electromagnetic waves. In: Cerebral Mechanisms of Monte) lilners. Kasan' (1971) iS-1S.

5t. Gordon, Z.V. Occupational health aspects of radio-fresquency electromagnetic radiation, In: Ergonomics
and Physical Environmental Factors. Occupational Safety and Health Series #21. Genova, International
Labour Office (1970) 159-'74.

52. Dodge, C. and S. Kassel. Soviet Research on the Neural Effects of Microwaves. Washington. D.C.
ATO Report 66-133, Library of Conigress (1966). N..SdikvanGV.Sgoa Auomiad

S.Drogichina. E.A., N.M. K'oncbaiuvskaya, K.V. GlotovaMN acioaadGV.Seoe uooi n
S.cardiovascular disorders during chronic exposjre to super-high frequency electromagnetic fields.

Gig. Yr. Prof. Zebol. (USSR) 10 (1966) 13-17.

54.. Cohen, M.E. and P.D. bthite. Neuracirculatory asthenia. Mil1. Mod. 137 (1972) l142-144.

55. Klimkova-Doutschova, E. Neurc logical finf';ngs in persons exposed to microwaves. in1 Biologic
Effects and Health Hazards of Microwave Radiation. Proceedings of an International Symposium,
Warsaw, 15-18 October, 1973. Warsaw, Polish Aedical Publishers (1974.) 268-272.

56. Nimble, G.A. Hilgard and Marquis' Conditioning and Learning. New York. Appleton-Century-Crafts.
Inc. (1961).

57. Hardy, J.0. Posterior hypothalamus and the regulation of body temperature. Fald. Proc. 32 (1973)
1564.-1571.

5B. McAfee. R.D. Neurophysiological effect of 3-cm microwave radiation. Amer. J1. Physiol. 200 (1961)
59. McAfee, R.D. Physiological effects of thermode and microwave stimulation of peripheral nerves.

Amer. J1. Physiol. 203 (1962) 374.-378.



641

Go. N.¢r JgOr, mJ. A grief Survey of Literetwre Relating t4 tme infloefta of Low Intensity lieramevel
on Nervous function. 1i"ta oteIda, Calif., Nlied Corporation (190).

61. Meraegsr. RJ. A 8treet flaithanis for the Influence of Aiercpeve Radlation se iuctreleetril
Potentials. Senta Monlec, Calif., Rand corporetien (19tS ) (0P0E. P-43W).

6 S. ei , N.P. *lophmysits of diathermy. tnt Licht, 1. (0d.). Thirepeutie %et and Cold, End Ed.,
ftotieven, Cam., Eliuabeth Licte (196f) 6-115.

63. Estme, H.P. Interaction of eiwcrleive and radio ffV mefly Irdlation with biological systems. 11ta
?ran$, "let ve Theory ned Techniques 111T-.1 :1971) lA4ol".Is

6S. 1hn H.P. Nlera"eve r4dlatlonz biophysical considerations and btanderds criteria. MtE TrIa" .
1Io- loed. Ef fc t dA-1 d (1912)1012.l de

45. SeNw, N.P. Prir.¢ples of Intertion of MIcrPeuve fields at the Cellular end molecular level.
lt• 6101991tc Effects and M0411th 1148atrdt of Nice owve Medtiation. Proteedi•lt of we International

Symposium, Wersamw IS-I8 October, t97J. Warsw,. PN1lh •Nedlcal Publishers (1974) ISi-IS9.

44. bla, S.M., R.J. Gavales-Podici and W.A. Ader. Effects of modulated very hIgh frequency fields oan
specific brain rhythms In cats. brain Ats. SI (197)) 3656)S8.

67. Min, S.A1., L.K. Kacamorek and W.A. Adey. Effects of modulated vhf fleldj on the central nerveias
system,. Ann. N.Y. Aced. Itt. 247 (1175) 74-81.

69. Roth, t.E. Hicrowave radiation. Il: Rath, I.M. (0d.). CrýVtndlwm of W~ Responses to the
Aerospace Environment. Vol. I, S•ct. 1, NASA CA-1-O5(l). Washington. D.(. (1961) l-2t.

M It"setorial is eased on work performed under contract No. FDA 7-Ill1 (PHS, •DA, 1HOW) sponsored by the
EIM•R Project Office., SUiNO i SuiG, Cept. of the Navy. end under contrect with the U.1. Energy Rosearch end
Development Adr'llstration at the University t'f ioclsesttr 3Iomedical and Environme.tal Ueseerefc Project
end has been assigned Repopr No. Uft-340-737.

Retouch use ooduot.I socordinr to thM prwncLpl~.a elsw~oated In the Ade dor LbAbottoa•' Arimtl
fteclitl•s etnd Ureal pwepazed Iby te Natiooml Accade ot Sici•Oe Nationel Mweeroh Coatoll.

I.

!.

I.



NlIc.WAV INV=CD A MOTIT1C IFFRUC IN 1 MALIAN AU3tT1Y MTOG

Arthur V. Cuv and Chung-twVAn Chou

Iioeleoctroamnet ts teseatch Latborotory
noe•artmont of tehab litatle, Medicio WJ-30
Unlvtroitv of Washington 1•hoo of editcine

-Seamttl, ehingtoqt q"93

WL. puodu.e responses in the auditory system of VAn and Animale osmilar to that produced by

auditory ati ,It. Rgecent studiee indicate that the respones may be origitated ff" hih ffrequency
vibrations induced in the head rf the *aposvd subject by a transient theral expanaion of tisue
due to the rapid absorption of the pulsed microwave emergy.

"A. IL MCtlON

Perhaps the moat widely observed and accepted biological affect of lvw average power
electrosagnetic (04) energy is the auditory sensation evoked in wan exposed to pulsed mlt-roweve.a
The effect which has been observed and studied by Trey [i-3), and Fray and NeooemSer [14, for
more than a decede appears as an audible clicking or busaint sensation originating from within
and near the back of the head coriesponding in frequency to the recurrence rate of the microwve
pulses. The effect it of great interest since it can be evoked by average incident power levels
far below those believed to be of thermal significance. The mechanism of the effect, however,
ham remained ebscure until #ery recentlI!. Sommer and Von GiCrke [5) originally suggested that
radiat•on pressure may be sufficiently high to couple acoustic energy to tht inner ear by bone
conduction. Fray [6) discounted this hypothesis, hoeaver. and did not believe that the interaction

was due to transduction of DE to acoustic energy. H14 belief was based on his failure to observe
cochlear microphontc potentials associated with the pulsed microwave stimulation of the auditory
systems of cats and guinea pigs and ott the low levels of incident power at the threshold for
perception by the human subject. Fray and 'lessenger [41 observed that the loudness of thc
sensation was proportional to the peak power, whereas, Guy, at al., t?) observed that the
threshold of the sensation was proportional to energy per pulse. Frey 16) noted that individuals
with loss of auditory sensitivity above 5 kHz could not hear the pulses and Guy, at al., (7)
found that sensitivity was sitnificantly reduced if there was decreased auditory sensitivity
for frequencies above 4 kts.

The origin and a clear understanding of the microwave hearing phenomena Is important since
the present ANSI C%5,I safety standard 191 does not restrict the peak power density as lrng an
the power density, as averaged over any six minute period, does not exceed I mnWhr/cm2 , or 3.6
joules/ca 2 , This is five orders of magnitude greater than toe threshold level for prodacing an
audible sensation by a single short pulse.

The importnt questions that needed answers were. (I) what is the threshold of the effect
in man and animals an & function of pulse power or energy, pulse shape, and carrier frequency,
(2) what is the locus of action of the effect, i.e., is it initiated at a central or at a
peripheral site, (3) is the stimulation due to direct action of the EM fields on the nervo-is
system, or to transduced acoustic energy acting on the auditory system, (4) what is the mechanism
of interaction, and (5) why must the high frequency portion of the auditory system be normal for
the sensation to be elicited.

Recent studies accomplished the following: (I) the establishment of incident field and
modulation characteristlcs at the threshild for auditory sensation in humans, (2) corparlson
of activity evoked in four successive levels of the auditory nervous system in the cat due to
incident acoustic and microwave pulses, (3) asessment of the deactivation of the cochlea, the
knoya first stage of transduction for acoustic stimuli on the potentials evoked by both forms of
pulsed energy, (4) the establishment and quantitation of the cransduction of microwave pulse
energy to acoustic energy in microwave absorbing materials by optical interferometry, and (5)
demonstration that the microwave auditory phenomenon is consistent with and can be explained by
the direct conversion of EN energy to acoustic energy in the tissues from the rapid thermal
expansion otf the tissues. These results, discussed in detail in the following sections, are
based on past studies reported by Guy, et al. [10) and Chou. et al. [11].

B. DETEWINATIO OF THRESHOLDS OF MICROWAVE EVOKED RESPONSES IN HUMANS

The author and his colleague served as subjects to determine the incident power levels and
pulse widths needed to evoke the auditory sensation. A 2450 MMi aperture horn source fed by a
10 kW maximum peak power generator with pulses I to 32 usec wide was used to illuminate the test
subject. The subject sat with the back of his head directly in front of the horn 15 to 30 cm
from the aperture. Placement of the subject's head in the near none field of the horn was
necessary for evoking an auditory response. The "effective" average power density at the location
of the exposed surface of the subject's head was first measured with a Harda 3100 power monitor
at high pulse rates and low peak power levels as a function of incident power to the horn without
the presence of the subject. The values for higher powers and lower pulse rates were obtained by
linear extrapolation from the monitored incident power to the horn In order to prevent damage



to the "ater probe. A mitch Wae controlled by the subject to sigal the bpentet of the rame
ttoeoiLtter what am aditory seessties tould be heard. pitor to the tocto, stanrd esdieares were
takes of the subjects, as *boh &e rig. I. 11W heariag thMoehld of the first subject wo normal
while a pronounced eethb at 3500 I wio toted for both fars of the saed subject. Similar results
veto obtained for both air sad borne codecties. The beck8om note" of the enpeouro chamber wea
umasured at 45 do N 0.000* dyse/cu2 with • omued level meter. The pulses wero prOseted as a testa
of three pulses 100 me apart every socudt to maintain an average po--v density well below I West,
The output of the generator wa set at the threshold where the puese could be heard by the subject,
a. Isdiceted by a light activated by the subject. Toble I illustrate* the measurod Incident peek
and averae power density ond the energy density per pulse for subject (1) without oar plugs, It wao
found that regardless of the peak power and put"e width, the threshold wea related to an eeorgy
Oensity of 40 WJ/csa per puls. or a peek enerty absorption density of 16 mi/g, as calcalated from a
erhbrieal model discussed It this Lecture Series "Biopheitca - fterly Absorption and Distributisn,"
Section D. The resulto for subject (2) ereo *imilar except the threshold energ level WAs
approximately 135 0)1cm2 , or S 45 higher. When subject (A) used ear plugs, the threshold level
reduced to I$ WJcm'. Bach individual pulse could be heard its a distinct and sperate click and ihort
pulse trains could be heard as chirps with the tone corrospoedlea ko the pulse recurrence rate. Whom
the pulse generator was keyed manually. tranmitted digital cdes could be accurately interpreted by
the subject. The threshold for two pulse• with 'A several hundred iecreoeconds apart was the same as
one pulse with the so to.ol energy as the pulse combination. Though the hearing sensation threshold
seemed to be in variance with the peak power and loudness relationship observed by Frey 141, the
results wore consistent when pulse width* are taken into account, as discussed in Section D.

C. DIT1"It .0 OF MeCTWSTICS AND TMHM. M OF W AUDITORY SYSTq AI PJW33 IN M CAT

BY ACOUSTIC AND MICROWAVI PUL.BS

A series of cats, we•ghing 2.0 to 3.4 kg, were surgically prepared for recordint potentials
from various levels In the auditory nervous system while they vere exposed to short pulses of both
acoustic am Microwave energy. Separate groups of cats were used for recording from the medical
genlculatQ nucleus and the round window of the Cochlea to Compare differences and dtertoane the

threshold of evoked potentials to acoustic and microwave stimuli. Recordings were made from the
VPL cf on animal in order to asses. the cross-aystem CNS responses to applied tactile, acoustic and
micre•ave stimuli. Finally. the effect of cochlear disablement on the interaction of the microwave
stimuli with the auditory nervous system wae assessed. The results of the experiments are
described an follows.I I. the Medial Geniculate Nucleus

Fi. 2 illustrates typical evoked responses recorded from the medial geniculate due to
acoustic and 2450 Mt microwave pulse stimulation. The response rotordin• S were made on the
x - y recorder based on 40 4verasea taken vith a computer of over&&e transients.

'the threshold of the 24S0 We microwave pulse evoked resp:i- -. a a function of pulse
ivdth is shown In Table It. The thresholds for the evoked responses with microwave pulses 0.5

to 10 usec in duration appear to be related to the incident energy density per pulse at a levelI about one-half of that which produced audible a-nsotions for tho h'man exposure. The required
threshold energy per pulse seems to increase with pulse width for 10 to 32 usec duration
pulses with the exception of the 25 usoc cad*. The p.k absorbed energy density per pulse in
the head of the cat was measured by thermographi.: methods described in this lecture series
"Engineering Considerations and Measureieukts" Sectinn 1-6.

Fit. 3 illustrates the thermograms taken of the internal absorbed energy density
distribution per 20 iJ/cm%2 of incident energy density for the sacrificed cat head expoaed to
2450 MHz and 918 MHs radiation. The peak absorbed energy densities corresponding to the thresholds
of evoked responses are also tabulated to Table I1 and I11, based on the t.oruographic data. The
incident energy density per pulse corresponding to the threshold for evoked responses recorded
frm. the medical geniculate body due to 918 Mea radiation. sa shown in Table I11. differs very
little from that for 2450 NH.. Fig. 4 illustratea the relative thresholds averaged over three to
five cats for both acoustic and microwave stimuli as a function of Uackground noise. The
threshold@ for the microwave stimuli varied between 6-33 uJ/Ob 2 over the group of cats. As the
Snose* level v a Increased, there was negligible increase in threshold for the microwave stimuli,

oderatt increase In threshold for the plesoelectric bone solurtion source, and a large Increase
tIo threshold for the loudspeaker stimuli. An evoked response •rom the medial goniculate body of
the cat wah also obtained for two animals using X fand pulses ut. irequeacleat between 5.67 Gfta and
9.36 GHz. Table IV shows that the required energy par pulse to elicit the responses wee
significantly higher than required for the other frequencies. Ftr this case, the X band horn
had to be plated within a few centlmeters from the exposed brain surface of the animal (through
the 1.0 cm diameter electrode access hole in the skull). No response could be elicited for an

animal in which the electrode access port through the skull was limited to the diameter slightly
larger than the probe. When the skull was bared, there still was no elicited response. After
the hole In the skull was enlarged, however, a response was obtained.

2. Round Wndnw. of the Cochlea

In another series of the aimals, activity from the round window of the cochlea was
recorded in response to acoustic clicks &and 2450 MUz microwave pulses. The acoustic clicks
were supplied by two methods. (1) air conduction by loudspeakers; and (2) bone conduction by a
piezoelectric crystal cemented to the skull. Acoustic stimuli and microwave pulses elicited activity
at the round window, as shown in Fig. 5. The first trace of tO figure illustrates the composite



cocklesalmiropbosic &Wt W &ad A auditory nerve response elicited by a loodupaher pulse Eta. tb*
first Gamifl. 'MA cethiel microlhoic Use quite WONem is 0011ttud* rOpducing t00 decaying

osilltory response shape of the loudspeaker (usasured by optical isterferonetry, as diecuijed i!.
Section 0).* Wase the auditory system of the emu s eisel was stimulated by microwev pulses, a
etcroim, artifact and a clear N sad P auditory serve response was seem, but thete was me
evidence of a cochlea sicraphosil an il1dicated on the emceed trace Is pit. S. Prey 161 had
distrusted the role of the cochlea to sieveusie acoustic ef fects, partly en the basie of sot
observing a microphonic in either cat* or guines pias. We have found, however, Is animals,
that the cochlea microphosic io comeiderabl? reduced (third trace Is Fig. 5) or met preesent at
all (fourth trace int Fig. 5) when thn auditory system Of the mae"Im is stimulated by am acoustic
pal*., Furthermore, Newer 1121 has pointed out a nimber of factors that would prevent the observance
of a cochlear potential, especially when the StimuluIs itessity Is Iow. Ns cites works for

LLexampte, In which auditory thresholds Ini cats, as determisad by behavioral Wleel, were established
T, as being 40 dl below the stioulue levels first effective level In producing cochlear mircrophonic

potatilsof sufficient magaitulde to be ideatified with the convential oscilloscope dieplawt. Thus,
ponsierntil the fact that the micrkowave pulme generator to capable of only providing a 10 to 17 da
Increase io pule* energy over that corresponding to the threshold of evoked responses, the
absence of a microweve evoked cochlea sicrophonic in the cat did not rule out theories based on I
to acoustic energy traesduction. This wes later reo.aby use of a mere asesitive preparation
with better eneorgy coupling, as described in Section It. The capability of the evoked auditory
effect In producing potentials at CN3 sites other than auditory io Illustrated in fig. 6. The
first trace Illustrates the-normal response recorded at the medial getniculate as a result of
acoustic stimuli. The second trace Illustrates the cross-nodal acoustically evoked response as

* recorded f roe the VPL, whereas, the third trace rspresaent the normal response in the VPL due to an
elactric shock applied to the tactile receptors at the right forepaw of the animal. The last

X ~ thiee trace% show that the microwave stipuli will also produce the eame croon-model responses.
Thus, It is clear that evoked potentials due to microweve stimuli could be recorded at CUS
site& other than theme corresponding to the auditory nervati system. This leaves open the
possibility that evoked potentials recorded from any location in the OMS could be misinterpreted
aso Indicating a direct microwave Interaction with the particular system where the z!acording Is

3. Mfect of-Cochlear Disablement on the interaction of Hicrowevem with the Auditory System.
j~. Nine cats were surgically prepared f or recording potentials in three brain sites ei~oked

byacoustic and microwave stimuli. Loci In which potentials were observed were the eighth c~anial
nrye, the medial geniculate nucleus. and the primary auditory cortex. The effect of cochlear

t ~disablement on the*e potentials was evaluated.

The subjects, weighing from 2.0 to 3.4, kg, were assigned to three groups of throfe. The
surgical preparation and details of the experiment have been reported pyoviously by Taylor and
Ashleman, (131. When it was established for each case that responses war* obtained with both
acoustic and microwave stimuli, the cochlea was disabled by careful perforation of the round
window with a micr'-disoncting knife and aspiration of porilymph, both cochlea were destroyed
In the experiments involving the medial goniculate nucleus and auditory cortex, sites assumad
to have some bilateral representation. Cochlear destruction rQoulted in total loss of all evokedI
potentials, even with full available peak power used for both the acoustic and excrowave stimuli
and vith increasing number of signals averaged on the computer of average transients. The data
strongly supported the contention that the microwave auditory effect warn exerted on the animal in
the same manner an that of conventional acoustic stimuli. The results load one to examine more
closely Frey's (1) contention that the ftuditory effect cannot be a result of transduction of am
to acoustic energy. The following section describes a study aimed toward jaining some inAight
pertaining to this mode of Interaction.

D. QUANTITATION OF D4 TO ACOUSTIC ENERGY TRANSDUCTION IN LOSSY IflEICTRIC ~4ATERI&'.S

Froy'3 13; argument that the auditory effect cannot be a result of E4 field forcen on
biological materials was Nased in part on an~ analyst* by Somears and VJon Cierk* (5). TheI ~latter authors directly compared radiatioi. pressure to the pressure req~uired for free sound
field bone conseuctioa threshold at 1000 cyclouj. Frey's threshold values for microwave induced
auditory effects appeared far too low to be consisteat with the radiation pressure theory. M~oo,
the comparison was incorrectly made between microwave pulses and a 1000 MRagicoustic tone rather
than acoustic pulses&. Finally, since the microwave energy is capable of penetrating deep Into
the tissue, volume forces, stresses, and pressures can be set up In many ways d'ae to the sharp
fie?.d gradients in the complex dielectric medium.

The threshold for audibility of narrow 20 to 500 usec: airborne acoustic pulses at recurrence
frequencieasumch less than 100 pulses per second has been determined by Flanagan [141 to be
proportional to the energy p.vr pulse or to the product of the pulse duration and the squ.sre of
the pressure. based on Flanagan's data, corrected f or transducer characteristics, the thtashold
pressure corresponds to 1.26 x 10-2 dyne/cm2 for a 20 post pulse. There is some uncertainty as
to what the bone tooductir~n threshold would be for pulses. According to Zwislocki 1151, the
difference between air anJ bone conduction thresholds for continuous wave sound vartes from
40 dt at 10 I~a to 60 dB at I Usl. Since the pulse frequency spectrum certainly spans this
frequency range, we would expect the range of the bone conduction threshold to [all between 1.26
and 12.6 dyne/cm2 for a free field 20 usec pulse. Based on the acoustic transmission coefficient
of 2 from air to soft tissue. the pressure In the tirsue would be In the range of 2.5 to 25
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dynelcM2 . The maxiwum radiation pressure that 2k 20 isoc 40 iiJ/ca microwave pulse wseld evert on
a highly conducting surface would be 1.33 a dy1ane/cm 2 which to too low to expl&• the effect
by a surface pressure. A surface pressure relationship is also Inompetible with Pla lum's [V1'
results and our observations concecning the dependence on the heariog thrr-11d oan pulse eagy.
The acoustic pulse energy it proporsvnal to the product of pulse width We_ square of the
pressure while the IM pulse energy is directly proportional to the produc"• sý %,- Induced pressure
and pulse width. Frey and Messenger [4], on the other hand, found for piaso widths greater than
50 Psec that loudness of microwave evoked auditory sen cation war pro',i. :.sai to the peak power of
the applied pulse when the pulse energy was kept consttnt by decreasing Lhe width, T, as the peak
power was increased. Their data show, however, for the narrow 1-30 peec pules width range we
are concerned with, the loudness did not vary.

Although the above observations did not support the radiation surface pressure hypothesis,
they did not rule out other EN to acoustic energy transduction processes. At the frequencies
where the auditory effect Is most pronounced, the SH energy which penetrates and is absorbed deep
"in the tissues of the head can produce volumetric forces by various modes of Interaction. Two
types of pressures, much gresaer than radiation pressure, can be produced in tissues exposed to
microwave pulses. These include electrostrictive and thermal expinsion forces proportional to
the square of the electric field in the material. Although vhe elctrostrictive forces are unknown
for biological materials exposed to microwave frequencies, a rough estimate of the possible magnitudes
may be obtained from the equation given by Styatton [161 for electrostatic field applied to a
non-compressible dielectric fluid.

I E E2 + 2)(• - 1) (K)

where E is the electric field, p Is the pressure increase over that at a location where E - 0.
C is the permittivity of free space, and K is the dielectric constant of the liquid.

Although the thermal expansion forces are also unknown for biological material, a theoretical
and experimental analysis of the conversion of bisible electromagnetic radiation from a Q-switched
ruby laser to acoustic energy by thermal expansion du3 to absorbed energy in various liquids was
made by Gournay [17]. It was shown that the pressures vastly exceeded radiation pressure. Foster
and Finch [181 extended Gournay's analysis to the case of physiological Ringer's solution exposed
to microwave pulses and shoved theoretically and experimentally that pressure changes far in
excess of radiation pressures could produce significant acoustic energy in the exposed medium.
It is very significant to note that the audible sounds could be produced by rapid thermal expansion
associated with only a 5 X 10-6"C temperature rise in the medium due to the absorbed EM energy.
The maximum pressure, p. induced in a sePAi-infinite absorbing liquid medium due to an Inc~ident
microwave EN pulse normal to the surface was derived by Gournay 1171 as

3C81 0

3 0z -CT) 2
P 0 aJ--s 1-' (2

for a "ree surface and
0CI e.CT/2)

P" F ,.e"s- (3)

for a constrained surface, where C is the elaotic wave velocity, 0 is the linear coefficient of
thermal expansion, S is the specific heat, a is the absorption coefficient for the medium, J is
the mechanical equivalent of heat, I is the ýM power intensity at the surface, and T is the pulse
width. Gournay's analysis also showed that the maximum conversion efficiency (energy of propagated
elastic wave divided by energy of transmitted EM wave) for the energy transduction was

2
CeI

N = - F(aCT) (4)

2pS 2j
2

where

F(OCT) -(I-e-xCT-aCTe-iCT)/aCT (5)

for a free surface and

F(oCT) -(aCTe-oCT + 3e-CT + 2caCT-3)/aCT (6)

for a constrained surface where p - the density of the medium. The maximun value of F(aCT)
is 0-3 for aCT - 2.0 for the free surface and 2.0 at aCT > 10 for the constrained surface.

Though the above analysis is based on an exposed semi-infinite medium with an absorption
coefficient of a, we would expect acoustic pressures w.h.iin the same order of magnitude to be
induced in more complex media exposed to microwave pulses. If we assume a peak absorbed power

*Equations include corrections for errors that appear in the original reference.



density in the brain of 0.4 V/kg per 1 sW/caO incident power density based on a th.eoretical
analysis discussed, tn this lactate Series "Diephysies -hfergy Abserptitoe aed Distribut ion,
Sectieo a, and also assume that the £qmationo (2) or (3) may be applied to this caset the
calculated aoustic pressure In the brats of approxnimately 2.2 - 3.0 dyne/cm 2 due to an incident
20 vaste, 40 UaJ/cm1 W pulse would be above the computed Internal threshold pressures. The
estmated electroStrictiwe force of 1.4 X 1r2 dym/cmU 2 from Rquation (1) vomld be far below the
threashld of hearing range and such lower in mplitude than that due to the rapid thermal
o eans ion conversion process.

It is of interest to note that for the constraited surface where aCT c 5 (carrespoeding to
pulse waidths lees than 30 seec for Ringer's solutioe exposed to 2430 Ma microwaves) that (aCT)
is approximately equal to oCT/2, Implies that the propagated elastic wave energy is proportional
to the square of the incident electrasgnaetic weos enmrg". This is consistent with our experimental
observations that the bearing threshold is constant with pulse energy for pulses less than 32 ieec
and with Ptey's ohbervations that loudness increased with pak power for pulsie widths greater than
"50 Usec.

In solid, more compressible materials such as bone, electrostrictive and thermal eupauslon
forces could be much larger. The fact that the interaction of microwave pulses with non-liquid
loony dielectric materials can produce sufficient volumatric forces and displaement In the material
to be audible to nearby observers has recently beau observed by Sharp, at al [19). Audible sounds
were eolcited from microwave anechoic absorbing material by peak pulse energies corresponding to
those producing the auditory sensation to exposed humms.

We found in our laboratory that the air-conducted sounds could be elicited frvm microwave
absorbing materials of either porous or solid composition. No audible air-conducted sounds could
be obtained from lossy liquids or Sells exposed to the microwave pulses nor from good conductors
(silver painted plastic disks) or dielectrics (plastics with low dielectric constant). Unk
audible sounds could be beard from exposed samples of low loss but high dielectric constant
material. The prerequisite for audibility sems to be an electrical conductivity and/or
dielectric constant within the range of human tissues such that the absorbed or stored IN
energy is distributed over a large volume of the illuminated material. With only surface absorption
such as with silver-coated samples, there was no detectable interaction. This is consistent with
Frey's observations, and ours, that the lowest thresholds of interaction occur at frequencies where
absorption in the head occurs over a large volume.

In order to study the Interaction with solid materials more quantitatively, a Michelson

interferometer was assembled, as show in Fig. 7. A Helium--Neon laser beam was split so that
one bean refl.tcted from a small mirror attached to a dielectric test sample wunld form an
Interference pattern with a second beam reflected from a fixed mirror illumlnating a pinhole In
a plate. A fiber optics guide was connected to an oscilloscope, waveform averager, and an x-y
plotter. The sample dielectric was illuminated with pulsed microwaves using the msa 918 Mug
power source and power measuring equipment used for the human and animal experizants. The sample
interferometer and exposure apparatus was electrically isolated from the yhotouultlplier and
associatea electronics by a shielded room.

Shifts in the fringes of the interference pattern due to vertically polarized microwave
field induced displacements of the test obje:t and mirror were sensed by the photosultlpller
through the fiber optics pathuay, passing through the wall of the shielded room. The system
was calibrated to measure displacement as a function of the brightness of a fringe line over
the pinhole by noting the fall dynamic range of the oscilloscope voltage excursion (proportional
to brightness) when the mirror was displaced one-half light wavelength or more. The sensitivity
of the system was enhanced by repetitive averaging of the triggercd responses of the sample. The
samples of dielectric tested for acoustic transduction properties were 5 ca dismeter solid cylinders
from 0.5 to 4.0 ca long. Four different types of materials were tested; three consisted of laminac
4110 polyester plastic loaded with varying amounts of acetylene black to produce electri,'al
condictivities close to humen tissue, as shown in Table V, and the fourth consisted of a sample
of Eccocorb ANW-77 microwave absorber. The electrical properties of the disk were measured by
standard transmission line techniques. The interferometer was also used to determine the
displacement waveform of the piezoelectric crystal imd the loudspeaker used in the animal
experiments.

In order to relate the internal fields in the samples to the acoustic responses of the sample,
the internal energy density absorption and electric field patterns were measured in the dieks by

.r ,the thermographic technique discussed in this Lecture Series "Enginsoring Considerations and
Measurements" Section B-6.

Fig. 8 illustrates displacement recordingS made with the interferometer. The first waveform
is that of the piezoelectric crystal excited with a 20 usec 40 V pulse, the second is that of the

loudspeaker excited with a 20 psec 0.16 V pulse, the third the typical response of a loony dielectric
disk exposed to a microwave pulse, and the last is the response of a 5 ca diameter 3 ca long cylinder
cut from a slab of spongy Eccouorb ANW-77 absorber. The latter was Interesting since the displace-
ment per unit of incident energy was greater than for any of the other dielectric materials tested,
probably due to its lower density and greater compressibility. The slight delay between the
application of the pelse and first sign of displacement is also of interest. The displacement
waveforms provided both maximum displacement and frequency of oscillation information useful for

i". ...........!
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making estimates of Internal pressures. In all cases, the acoustic reopen" of the disks to the
incident microwave pulses wte audible to nearby observe.*

Table V1 summortess the measured power absorption nod acoustic charocteristics of the exposed
4isk samples. The measured dielectric properties sad sample thickneseess are given In the firet.
three columns. The respective measured peak absorbed energy densities per pulse, the maximum
me electric field strengths, and the siuximai measured displacement* of the flat surface of the

disks ore tabulated in the next three columns. A rough estimate of the internal peak pressure
vibration, p, in the dish wes determined for each case from

0

where A iS the measured displacement, p a 1.12 X 103 kg/,. 3 to the measured density, v * 2400
n/sec iS the measured velocity of sound propagation, and T0 was the period of vibration of thed isks. o.

In order to appreciate the significance of the calculated pressures, it is useful to compare

then to pressures derived from Equation (2) for the semi-infinite sedium (free surface) using the
mass internal measured field strengths and dielectric properties. The mechanical properties of
the nonloaded polyester plastic were used. These calculated pressures are tabulated in the last
caluem of Table VI. It is clear that the pressures listed in the last two columns of the table
exceod the calculated radiation pressure of 3.6 X 10- dyne/cm2 by many orOurs of magnitude. It
is also clear that the induced oscillatory pressures in the exposed sample disks ore fAr above
those predicted for a fluid with the dielectric properties of brain matter. The disk oecillations
produce soundz similar to the microwave evoked "clicks" sensed in the human auditory system. The
large difference in pressures between that calculated for liquids and the solid disk are certainly
consistent with oun- failing to detect any displacement in liquid or Sell materials. Foster and
Finch's 1181 measures%,nt with a more senitive hydrophone did detect the ecoustic disturbances In
the liquids, however. O!e theorised that the actual hearing sensation is mediated by high recurrence
rate multiple reflections if the acoustic disturbances within the head or portions of the skull.
Thl .a is evidenced by the fee, that the band limited 50 8a - 15 k~x noise did not effect the
threshold if evoked potentials in the cat to the microwave stimuli as it did for the acoustic stimuli.
It is known that cats perceive higher frequency through both air and bone conduction. The nature
of the induced acoustic disturbance iu further elucidated in the following section.

E. MICROWAVE INDUCED COCHLEAR MICROPHOW!CS IN GUINEA PIGS

Previous failures to observe microwave evoked cochlear microphonics (0C) in experimental
animals exposed to microwave pulses are probably due to: (1) the frequency of 04 is higher thaa

•. ~the frequency response of recording equipment. (2) the milcrowave energy to too low to *licit • '

detectable CM, and (3) the CM may be buried in a large m~icrowave artifact. Once the.above problems
are avoided or minimized the existence of microwave evoked cochlear microphonics can easily be
demonstrated as done by Chou, et al. (1II.

They used guinea pigs weighing 400-600 ga which were anesthetized with pentoharbital sodium
(40 mg/kS, IP) a:& allowed to breathe normally through an inserted tracheal cannula. After exposing
either the right or left bull&. a fine (microwave transparent) carbon lead was placed against the
round window and cemented onto the bulls. An indifferonct electrode was connected ot the nearby
tissue. A test was then made to determine the magnitude of the cochlear produced by acoustic
clicks. If the maximum amplitude was greater than 0.5 0n. the head of the guinea pig was placed
through a hole into a circular waveguide. The vaveguide was matched so the microwave power
propagating in the TE11 mode was completely absorbed by the 75g head of the subject. ly transferring
all of the available power of the 10 kW microwave pulse generatcr directly to the head of the
animal, they were able to produce an average absorbed power density of 1.33 joules/kg in the head.
This is one order of magnitude greater than the maxinum energy per pulue delivered in previous
experiments by radiation fields. It is est/imated that a radiation energy density of 0.125 to 3.32

LmJ/cm 2 per pulse would have to be delivered to produce the same effect. Microwave pulse artifacts
were considerably reduced by placing the irradiation equipment and subject in a shielded room and

transmitting the record•d signals via coaxial leads to % preamplifier outside the room. The sound
level in the region of the head of the guinea pig was about 55 dB mainly due to the noise produced
by the microwave pulse generator. The animals were radiated intermittently for 1.5 min by 918 MHz
microwave pulses of 1-10 uaec in duration and 100 pps repetition rate at various peao. power levels
below 10 kW. The responses were recorded on a magnetic tape system with a frequency response of
80 kHs. After a 3-5 hr experiment, the animals were sacrificed, either by an euthanesia agent or
anoxia. The animal responses were recorded until the physiological potentials disappeared completely.

N The recorded data was averaged off-line by a computeo of average transients.

Fig. 9 shows the electrical responses at the round window of a guinea pig stimulated with
acoustic clicks. The response consists of cochlear microphonics (C0) and both N, and N2 nerve
responses. The inversion of the 04 due to reversing the polarity of the electrical pulses delivered
to the speaker is also seen in Fig. 9.

Fig. 10 shows the round window response nf the same guinea pig stimulated by microwave pulses.
In addition to NI and N2 , the cochlearalcrophonice immediately follow the microwave stimulus. A
time expansion of the 0M is also shown in the figure. The microwave evoked CH, approximately 50 kHa
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in frequeacy, 50 PV In a9lituds, and 200 ,men in duration were observed in five preparations,
satisfytnl the acoustic Osestivity tests.

A comparison of the CH evoked by microwave pulses of 10 osec, S ,see, and I 'nsc at the me
peak Power of 10 kW to shown in Fig. 11. These traces are averages of 400 responses replayed from

the tape. Bach of the traces shows an artifact at the left of the figure. Due to the limited
frequency response of the tape recorder, the transient due to the microwave artifact it 60 isec
instead of 30 pse, as seen for the on-line record in fig. 10. Although the presence of CH is
evident, th4 onset of these Ch is masked by the srtifact. Fig. 11 show* that the frequency of
the 06 stayed the mesa but as indicated at the tight of the figure, the amplitude of ?he CH
dropped for narrower pulses since there wai less energy absorption. This figure also Indicates
that the oscillations of C0 occurred at appTonisately the same latency after the onset of the
microwave pulses. We conclude from Fig. 11 that a poyseialolical response time-locked to the onset
of microwave pulses is generated within the •uina pig's cochlea. Sinc. the C0 is fll-owed by
aiditory nerve activity (NI) after on Interval of time that, closely resembles that seen in the
acoustically stimulated ear (Fig. 9), it seema reasonable to assign this event tb hair cell
activation.

Aftet the animal was sacrificed, either by anoxia or an euthanasia agent, the NI and N2
responses diminished earlier than the C4. (The same phenomenon occurs during acoustical stimulation).
After the animal's death, neither CM ntc NI ani N2 czuld be observed, although the artffact
persisted. This result indicates that the 50 klHz oscillatory signal Is a genuine physiological
response.

As shown In Fig. 12. the amplitude* of C?( and MI, as well as the latency of the N1 response.

varied as a function of the average energy absorption density per pulse. The 0M amplitude
saturation seen with high intensity microwave stimulation finally resembies its behavior at high
sound pressure levels [20).

The 50 klz CM frequency seems related to a resonance phenomenon dependent on the size of the
animal skull as suggested by Foster and Finch [18). Since individuals with high frequency hearing
losses (above 10 kHz) cannot hear the microwave pulses, the frequency of microwave CM probably
lies between 10-20 kHz for the human. For a head size like that or the cat, the frequency of the
microwave O4 can be estinated to be between 20-50 kHz. This estimate is also consisttut with the
fact that a masking noise oF 50 iHs - 15 kHz did not affect the threshold of evoked response in the
medial geniculate of cats.

F. TEST OF MICROWAVE INDUCED HEARING IN RATS

Recently we have been able to demonstrate that rats can hear pulsed microwaves. In tils study,
a food deprived rat was restrained in a plexiglass cylinder and trained on continuous reinforcement
to make a nose-poke operant thereby breaking a photo cell beam and receivin3 a food pellet for the
responae. Subsequently, the rat was trained to make the same response on an ascending series of
variable ratio (VR) reinforcement schedules until the animal was responding on a VRIO at over 20
responses/mm. Finally, the rat operant was brought under stimulus control by differentially
reinforcing and extinguishing the response during the presence or absence, respectively, of a 7kHz

speaker click of approximately 60 dB intensity at a 100 Hz repetition rate. When the animal was
consistently responding at 80, or better, correct (in the "go" interval), it uas considered.at
criterion. Subsequently, the animal was probed with pulsed microwaves, durln3 various "no go"
intervals (periods of non-responding) and the effect of this procedure was to induce responding in
the rat, thus demonstrating that price behavioral control by auditory clicks was generalized to
microwave clicks.

G. CONCLUSIONS

It has been shown that the threshold for microwave pulse evoked auditory sensations or responses
in both humans and cats is related to the incident energy per pulse with values of approximately
2 wiJ/cm2 for cats to 40 uJ/cCM2 for humans for pulses less than 30 usec wide. This corresponds to
an estimated peak absorbed power density of 10 to 16 mJ/kg as measured in the cat head and approxi-
mately 16 mJ/kg as estimated for a human head. This energy density is capable of increasing the
tissue temperature by only 5 X 10-6*C. As background noise (50 Hz - 15 kHz bandwidth) was increased,
the threshold for evoked responses in the medial geniculate nucleus of the cat remained stable for
pulsed microwave stimuli but increased for acoustic stimuli. This would tend to indicate that the
microwaves may be interacting more with the high frequency portion of the auditory system. With
the exception of the absence of the cochlea microphonics at the round window, 411 evoked potentials
in cats due to microwave stimulation were similar to those duo to stimulation by acoustic clicks
from loudspeaker (air conduction) and a piezoelectric transducer (bone conduction) attached to the

V • skull. It was shown, kiwever, that the cochlea microphonics could be recorded in guinea pigu
exposed to microwave pulses when sufficient incident power was used. The frequency of the micro-
phonics (50 kHt) in guinea pigs supports a hypothesis that a vibration is set up in the head
corresponding to its acc.jstical resonant frequency. Since cochlear destruction resulted in total
loss of all evoked potentials due to microwave and acoustic stimuli, there is strong support for

the contention that the microwave .juditory effect is exerted on the animLi in the same manner as
conventional acoustic stimuli. Radiation pressure was ruled out as a probably cause of the evoked
response since it is both too low in magnitude and inconsistent with the known threshold behavior
for acoustic pulses. The =st likely mechanism of electromagnetic field interaction appears to be
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conversion of W enerqy to acoustic energy due to thertal expansion in the tisuesa within the heed.
This to based on their relatively high predicted and measured values in liquid and solid materials
exposed to microvave pulses. This hypothesis is further reinforced by the fact that the behavior
of the measured threshold characteristics with pulse width agree with those predicted by the thermal
expansion theory. It has been shown by means of a Nichelson interfermeter that displacements and
forces induced in losay dielectric disk samples by incident microwave pulses are many order& of
magnitude above the threshold values for hearing. The interaction with the absorbing material was
sufficiently strong that it was audible to nearby observers.

A prerequisite for interaction with the material is that the dielectric constant or conductivity
be oufficiently high and the frequency proper to allow for a penetration of energy and lose over an
appreciable fraction of the volume when the object is exposed to a microwave pulse. Nicrowave
absorber materials ised to reduce reflections and solid materials with the dielectric properties
close to human tissues seem to fulfill the above requirements. The fact that the sound* are
mediated by pulse energy levels sufficient to raise the tissue temperature only 5 X 10- 60C points
out the extreme care that one must exercise in classifying an effect as thermal or non-thermal based
simply on the level of temperature increase.
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TABLE I TUINOLD OF NICMWA1E EVOKSD AUDITORY RESPONSUS IN

MANE (2430 me 3 MULS ac/I) "=ROUND NOMSE 45 Da

PRAK INCZIDIT AVG INCIDwT POwER PULSE VIMU NIN2 DEITY/ PW AdSORR
POWN We/st) (NV/0eu2 ) KPuil (J0/cml) LfN0OM DNSM3 Y

(.3/hg)

40 120 1 40 16

20 120 2 40 16

1•.3 120 3 40 16

120 4 40 16 -

8 120 5 40 16

4 120 10 40 16

2.33 105 1i 35t 14

2.15 129 20 43 17

1.8 135 25 453 1i

1.25 120 32 40 16

1. Thresholds for subject 01 in Fit. 1
2. 28 vith earplugs.
3. 135 for subject 02 In Fig. I
4. Based on absorption in equivalent apherical model

of head.

TABLE II THRESHOLD EVOKED AUDITORY RESPONSES IN CAT

2450 Nft (ONE PULSE/SEC) BACKGROUND NOISE 64 DB

PEAK INCIDENT AVG INCIDENT PULSE WIDTH INCIDENT ENERGY PEAK ABSORBED
POWER POWER (us) DENSITY PER ENERGY DENSITY

DENSITY DENSITY PULSE (6J/cw2 ) PER PULSE
(W/cM2 ) (wW/cm 2) (wJ/kg)

35.6 17.8 0.5 17.8 10.1

"17.8 17.8 1 17.8 10.1

10.0 20.3 2 20.3 11.6

5.0 20.3 4 20.3 11.6

4.0 20.3 5 20.3 11.6

S2.2 21.6 10 21.6 12.3

1.9 28.0 15 28.0 15.9

1.7 33.0 20 33.0 18.8

0.6 15.2 25 15.2 8.7

1.5 47.0 32 47.0 26.7

Research van conducted aocordirn to the principles enunciated in the "Guide for
Laborator7 Animal Facilities and Care" prepared by the National Acadeq of Sciences
Natio•al Research Council.



TABLE III TUSHOLD OF EVOKED AUDITORY RESPONSES IN CAT

916 NOW (ONE PUL8/52C) mAMMGNOUD NO13 64 Do

PEAK INCIDENT AVG VICDERNT PULSE VIDTH INCIDENT ENElGY PEAK ABSOBED
POWER POWER (us) DENSITY PER DERM DENSITY

DENSITY DENSITY PULSE Pr PULSE
(V/eau) (MW/cas&) 61J/cu2 ) (WJ/ka)

5.80 17.4 3 17.4 12.3

3.58 19.4 5 19.4 13.8

2.26 22.6 10 22.6 16.0

1.37 20.6 is 20.6 14.6

1.17 20.6 20 20.6 16.6

0.97 24.3 25 24.3 17.2

0.80 25.3 32 28.3 20.0

TABLE IV THRESHOLD OF EVOKED AUDITORY RESPONSES IN CATS

X BAND (ONE PULSE/SECOND)

BACKGROUND NOISE 64 DR

APPROXIMATE VALUES

PEAK INCIDENT POWER (W/cm2 ) 14.8 TO 38.8

AVG INCIDENT POWER (uW/cm 2 ) 472 TO 1240

PULSE WIDTH (Go) 32

ENERGY DENSITY/PULSE (JiJ/c 2 ) 472 TO 1240

*Application of power directly to top of exposed skull
required to elicit reaponmes.

TABLE V COMPOSITION AND ELECTRIC PROPERTIES OF DIELECTRIC DISKS

KATERIAL+

FREQUENCY ACETYLENE BLACK LAMINAC DIELECTRIC CONDUCTIVITY
(HH*) CONTENT* 4110** CONSTANT ca(mho/*)

( (2) C'

916 1 99 6.41 0.266

918 2.5 97.$ 14.12 1.817

918 5 95 20.00 3.316

2450 1 99 5.25 0.370

2450 2.3 97.5 10.47 2.126

2450 5 95 16.45 3.734

A smll amount of catalyst was added.

*Product of Shavinigan Products Corp.

**Product of American Cyanauld Co.
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TAAZL Vt COUPLETD Rn ENEtRGY AND ACOUSTIC PROPERTIES

OF EXPOSID DIELECTRIC DISKS

DIELECTRIC PROP. SAMPLE MAX ABSORBED EAK ELECTRICAL MEASURED CALCULATED PRESSURE FOR
THICKNESS ENERGY DENSITY FIELD DISPLACEMENT PRESSURE 2  SEMI-INFINITE

c' o(mho/m) (cm) PER PULSE (KV/m) (A) FOR DISK DIELE. MEDIUM3

(J/kq) (DYNE/cm 2 ) (DYNE/cm 2 )

6.41 0.266 4 0.96 14.19 28 993 2397

2 1.02 14.66 36 2553 2559

0.5 2.24 21.73 47 4546 5619

14.12 1.817 4 1.33 6.40 36 1277 1263

2 1.72 7.29 38 2696 1638

0.5 7.00 14.69 48 4643 6651

20.00 3.316 4 1, 53.06 48 1703 1053.

2 1.66 5.32 66 4682 1164

0. 5 4,.84 9,.04 74 7157 3360

1. 918 MsdI. 20 p second, 1.07 nJ/cm-2 incident microwave pulses.

2. Based on Equation (7).

3. M agnitude of estimated field induced pressure in semt-infinite dielectric medium based
on Equation (2).

i • 0 SUBJECT I "-0-
I0.

20

M30" P" 40

6O-
25500 000 2000 4000

FREQUENCY (Hz)

fig. I Audiograms of human subjects used for determining thresholds of audibility to

pulsed microvaves.
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Fig. 2 Evoked responses reenrded from medial geniculate body of the cat.
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Fig. 3 Thermograms showing absorbed energy density patterns (per pulse) In the head
of cats exposed to 918 KHt and 2450 WHs 20 uJ/cm2 , 20 wsec incident pulses.



L W1.1 ,

,I * lI mgm7"

1.0
I IIII1€ll

-I0 .. -- @PalI

-:5 T"Pal"0M OF 119111110"5 MEDIAL 1111110ATIE OF CAT/ CA01101VI fILSU AS A
FUNCT1121 OF NMW LEVEL

Sm at

RIOM NOS LEWL I*)

Fig. 4 Threshold of evoked medial gleiculate responses (averaged fnr 3 to 5 cats)
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Fig. 5 Responses in the round window of the cat cochlea due to acoustic and microwave
stimuli.
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Fig. 6 Cross-modal C•S responses to acoustic and microwave
stimuli.
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Fig. 7 Michelson interferometer for measuring displacements in

dielect~ric material illuminated by microwave pulses.
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MATERIAL INPUT PEAK VIBRATON

CRYSTAL ELECTRIC PULSE

TSPEAKER ELECTRIC PULSE
20~a016V420

0 HCNS 2c258q* 0w~/m'3
99% LAMINAC +
1% ACETYLENE BLACK MICFCMVE PULSE

1~~DIAMETER 5 cm P.4,,PER PULSE

ECCOSORB ANW- 77
THICKNESS 3cm MICROWA/E PULSE
DIAMETER cm 918MHz 20n tr68•mJ/cmi 288

PER PULSE

DELAY

VIBRATION WTTERNS OF INTERFEROMETRIC MEASUREMENT

Fig. 8 Displacment waveforms for pulsed acoustic transducers end for lossy dielectrics
i.lluminated with microwave pulses.



fig. 9 Round window responses evoked by single .coustic clickol click phase io
reversed in upper and lower traces.

C N,

Fig. 10 Round window responses evoked by a single 918 MHx sicrowave pulse.

(10 isec pulse width, 1.)3 Joule/kg average absorbed power density

per pulse). Upper trace is expansion if the initial 200 usec of
lower trace.
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Fig. I I Average of 400 CM responses evoked by 918 Mixi
microwatve pulses, 10, S, and I 4sec pulse width
at the same peak power, 10 kW. The average
energy absorption density per pulse is shown
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.BIOLOICAL AFFBCTS OF UL"WGJiND

C.R. Hill B.A., Ph.D.. F.Inst.P., 4.I.E.8.
Physics Division
Institute of Cancer Research
Royal Marsden Hospital
Sutton, Surrey. U.K.

1. I NTRqODUCTION•

Ultrasound comprises mechanicai vibrations occurring in the frequency range above
20 Me and extending in practice to above 10 ami. Its physical and biological proper-
ties vary very videly over this frequency range. Correspondinaly there is a very wide
range of practical applications, each with different possibilities for exposure of
human beings to ultrasonic energy.

This lecture will discuss the following three main areas of knowledge that are
necessary to understand the possible hazards from the use of ultrasound.

(a) The actual physical exposures encountered by humans in various activities.
Wb 1he nature of the biophysical interactions of ultrasound with hunmln tissues.

(c) The evidence for and against significant changes being produced irt living
systems by the action of ultrasound.

A brief discussion of protection procedures will also be given.

2. PHYSICAL EXPOSURES

i Humans m,,.be exposed to ultrasound in a variety of situations. In general this
* will be either deliberate exposure for medical reasons (diagnostic or therapeutic) or

inadvertent exposure in industrial or occupatioruil situations. In the medical field
there is now considerable interest in measuring the actual levels of exposure of
patients and some reasonably good data are available. For occupational exposure how-
e v er, no .systematic data on human exposure levels seems to be available. A summary
So. exposure levels measured for medical applications is given in Tabln I and a list of
some of the major occupational sources of ultrasonic exposure is given in Table II.

TABLE .I. Measured Ultrasoniz: Exposure Parameters
in Comnmon Medical Applicationa

Parameters

Pulse-Echo Doppler
Diagr.ostic Diagnostic Therapy

- Nominal Acoustic 1 - (15) 2 - 5 1- 3
Frequency (MHz)
Average Acoustic 0.3 - 21 19 - 24 0-25,000
Power (nW)

Peak (Space-Time)Pntensity (Sacme) 1.4 - 95 0.003 - 0.023 0 - (25)Intensity (W.cm"2)

Peak Pressure 2 - 17 0.1 - 0.3 0 - (8.5)
Amplitude (bar)

Pulse Duration (ps) 1

tSmth.



&.2

m . 0ocupationsl Sources of Ultrasonic
supeuare of Huwans

Source hpparo. Frequency Coiments
Range

Industrial Cleaners 20 - 80 kt skin contact possible.
Order of 1 kW. Sam
powr in audible range.

Machining and Welding 20 XH@

Flaw detection I - 10 mes Comparable to Medical
pulse-echo.

Sonar 10 - 500 kio High peak power
(cavitation limited)

3. BIOPHYSICS OF ULTMS D IrIUMCTIO•S

At least two physical mechanisms of ultrasonic action can be identified as being
biologically effective: cavitation and heat generation. There is a possibility that
additional mechanisms may exist, but evidence for this is not clearly established.

The extent to which cavitation can be made to occur' in the human body in vivo,
even under extreme ultrasonic exposure conditions, is still very uncertain. Diagnostic
conditions of exposure (low intensities and/or very short pulse durations) are
generally insufficient to induce cavitation even in nonviscous liquids and it is thus
particularly unlikely to occur in viva. The biological effects of cavitation in
liquid call suspension systems is predominantly that of cell death by disintegration.
Associated mechanical damage to surviving cells has been demonstrated but no clear
evidence has been found to indicate that this is in its nature either mutational or
otherwise indicative of significant hazard.

Heat generation can be an effective mechanism for ultrasonically induced
biological change in intact tissue systems, which are characterized by relatively high
ultrasonic attenuation coefficients (of the order 0.1 (MHz)1I for soft tissues) and low
thermal mobility. Where however low average intensities are involved, for example in
diagnostic exposures, temperature risen may amount to no more than a small fraction of
a degree.

A phenomenon that can be significant in leading to heat induced damage is that of
mode-conversion, which characteristically results in localized deposition of heat in
the region of bone surfaces.

Biophysical evidence for other possible mechanisms of action of ultrasound is
insufficient for any useful assessment of hazard and further evidence in this direction
must at present be sought from the results of empirical, screening type investigations.

4. SPECIFIC EVIDENCE ON HAZARD FROM ULTRASOUND

In addition to the above biophysical considerations, there are two main lines of
evidence on the existence of hasard from human exposure to ultrasound: from screening
investigations and from epidemiology.

4.1 Screening Investigations

A problem that runs through the whole question of tha possible "hazard" associated
with the use of ultrasound is that there is no a priori indication of the nature of the
hazard that might be found to occur. The most serious type of consequence would seem
to be that of genetic or teratogenic change and most of the screening work has been in
this direction. Some such investigations, primarily concerned with diagnostic-type
medical exposures. are referred to in earlier reviews (see bibliography). More
recently, systematic investigations have been carried out on mice irradiateu under con-
ditions very greatly in excess of those used in diagnosis, with no resulting evidence
for effects either on specific genetic damage or on such faztors as gestation time,
fetal weight, litter sine and incidence of resorptions and abnormalities in pregnant
mice and their litters. Some investigators 1. ve reported contrary findings but in
general these are of doubtful validity.

....................................................... ~ .. ...
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one line of investigation to which considerable effort has been devoted over the
past few years has bean that of the possible induction of chromosamal aberrations V1
living cells exposed to ultrasound. This is a technique widely used in other branches
of toxicology, particularly ionizing radiation, and its intensive application in ultra-
sound was stimulated in particular by a report of positive effects following ratheor low
intensity (8rm/ce2 ) expe-ures. A number of useful follow-up studies, including seine
attempts by the originaL author to repeat his own works have failed to confirm the
original findings and, although this may continue to be an interesting and important
area of investigation, the current concensus of evidence here is overwhelmingly aga;inst
the existence of any effect, at least under medical exposure conditions.

4.2 Epidemiology

In any discussion of the hazards of medical or occupational exposures, regardless
of the nature of the particular agency that may be under suspicion, no completely
satisfactory conclusion can be drawn that does not rely on evidence from humans: "the

Sproper study of mankind is man". Epidemiology is a demanding science and to produce
fully satisfactory evidence on the safety of ultrasonic exposures would call for a
study involving large numbers of subjects, extending over a period of a number of yearsI and preferably designed on a prospective basis. No such study has yet been carried
out although one, at least, is now being planned. Meanwhile the only evidence of this
nature comes from a retrospective study on 1114 apparently normal pregnant women
examined by diagnostic ultrasound in three different centres and at various stages of

pregnancy. A 2.7% incidence of fetal abnormalitien was found in this group as compared
with a figure of 4.8% reported in a separate and unmatched survey of women who had not
had ultrasonic diaynosis. Neither the time in gestation at which the first ultrasonic
examination was made, nor the number of examinations, seemed to increase the Zisk of
fetal abnormality.

No comparable studies appear to have been made on ocrupational exposures to ultra-
sound and, apart from occasional reports of discomfort and possible temporary hearing
impairment (now believed to be due to audible sound components sometimes associated with
ultrasound), no accounts of serious ill effectp or accidents have been published.

5. PROTECTION PROCEDURES

No official recommendations on health protection in the use of ultrasound are in
existence.

For ultrasonic therapy there is an unofficial agreement limiting the acoustical
output of generators to 3 W cm-2 (averaged over a transducer face of area approximately
5cm ). However, actual practice does not always conform to this figure. Appropriate

"recommendations on the calibration of ultrasonic therapeutic devices have been made by
the International Electrotechnical Commission in their document IEC 150.

For medical diagnosis there is no corresponding agreement, although users are often
concerned to limit the exposure of patients, in a manner consistent with good diagnostic
performance, by controlling output power, pulse repetition frequency or total
irradiation time.

Until good and representative measurements of the acoustic intensity levels
encountered in practice have been carried out it will not be possible to miake satisfac-
tory recommendations about control of occupational exposure to ultrasound. Meanwhile
the following practical protection measures can be applied

(a) As far as possible limit power levels employed and the duration of their
application.

(b) Avoid unnecessary acoustic contact between machine and operator (in particular use
the shielding properties of air and low density materials).

(c) Recognise that the ear (because of its design and function) may be a critical organ
particularly where associated •.idibl- sound energy may occur.

S •,i•4
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ENGINEERING CONSIDERATIONS AND ASUROIMIENTS

Arthur W. Guy

Bioelectroiagnotics Research Laboratory
Department of Rehabilitation Medicine RJ-30
University of Washlngton School of Medicine

Seattle, Washington 98195

SI•ARY
Qurntitation of the biological effects in subjects exposed to electromagnetic fields requires

f that both the fields in the environment and within the exposed tissues be measured. Fields in the
envirovewnt cai be measured by meanu of standard off-the-shelf field survey meter sensors consistingt of small dipoles with diode or thermoccuple-type transducers for converting microwaves or R? energy
to proportional -lectrical signals. Fields and associated absorbed power density in the tissues
can b- measured by means of thermocouples, thermistors, fiber optic liquid crystal sensors, and
therrography. The quantitation of fields associated with exposure of test subjects can be signifi-

cantly simplified by a judicious choice of exposure techniques.

A. INTRODUCTION

In an earlier section of this series. "Biophysics - Energy Absorption and Distribution" patterns
of absorbed power density in many different configurations of biological tissues exposed to various
EN sources were discussed from a theoretic .:andpotnt. The determination of absorbed power by
theoretic methods, houever. are limited only to simple geometic shapes. The only practical way to
determine these patterns for irregular shapes and relate them to exposure fields Is through carefully

t designed instrumentation. There are two important classes of Instruments; the first pertains to
measurement of the exposure conditions or the applied fields, and the second pertains to measurement
of fields and associated power absorption within the tissues. The latter presents some very
formidable problems indeed.

Electromagnetic fields or quantities related to the fields can be measured both in situ and in
vivo in test animals or even humans by means of implanted mi'rowave diodes, thermocouples, and
thermistors, Thermo,-ouples and thermistors were used extensively in the past for measuring the
temperature rise in tissues exposed to radiation.' There are several problems associated with the
use of thermocouples or thermistors to ascertain absorbed power: 1) the element senses only the
temperature of the tissue which is also a function of other vechanisms such as thermal diffusion,
blood flow, and the thermoregulatory characteristics of the animal; 2) if the sensor is left in
the tissue during irradiation, it can be directly heated by the RF fields or it can significantly
modify the fields and the associated temperature rises; and 3) the sensor is relatively insensitive
to low power densities.

A method that eliminates many of the above problems is the use of thermography. The method has
been used to measure surface temperature in exposed hairless animals (1]. It is most useful in the
indirect measurement of internal temperature and absorbed power density patterns in animal carcasses
or phantom models of human or animal tissues exposed to EM fields 12).

The problem of field measurements both outside and inside of the exposed subject can be greatly
simplified through the use of appropriate exposure techniqucs which are uniquely associated with
the type of subject under study. The techniques and typical results obtained through their use are
discussed in detail in the following sections.

B. METHODS OF MEA:UREMENT

I. Radiation Survey Meters

Since the Radiation Control for Health and Safety Act was passed in 1968 (3j, there has been
considerable improvement in radiation survey meters for measuring radiation power densities In air.
Typical designs are illustrated in Fig. 1. The meter usually consists of a sensor consisting of two
or more orthogonal electric dipole elements, each terminated in a thermocouple or microwave diode
element and coupled via small-diameter high-resistance wires to a voltmeter calibr&ted to record
power density directly in fW/cm2 .

A thermocouple described by Aslan (4] consists of a pair of thin-film vacuum-evaporated electro-

thermic elements that function as both antenni. and detector. The sensor materials are antimony and
bismuth deposited on a plastic or mica substrate, all secured to a rigid dielectric material for
support. The lengtl of the dipoles is small compared to a wavelength to allow the unit to monitor
power with minimum perturbation on the RF field. The dc output of the sensor is directly propor-
tional to the RF power heating the element. The hot and cold junctions of the electrothermic
element, separated by 0.75 mm, are in the same ambient environment, thereby providing an output
relatively Independent of ambient temperatures. With the thin-film elements oriented at 900 to
each other and connected In series, the total dc output is independent of orientation and field
polarization about the axis of the probe and is proportional to the square of the electric field
vector. If the proportionality constant relating E to H is known or remains constant, such as 377 12
in the far field, the output can be calibrated in terms of power density. In the near field, the
meter will read an effective power density or simply the square of the electric field divided by
377. Lead wires carrying the dc output of the thermocouples are shielded with ferrite materials and

..........



-smstalned perpendicular to the plane of the antenna. They will, therefore, be InvIsible to the
pftop~tea wave when the atttenas to placed parallel to the phooe freet. Tto dk output to CIeeO~ted
to an elsettle voltseter calibrated to reod field density directly In m"Wea l TYe meter, Ohm Is
F16. 2, bee as appropr•ate time constant to read average pow• r s the metor Is u"d to meosiut
modulated 1W power density. The disiaestage of this %ter eoaf iguratlem is that the output from
the eeamr i eitremely trequey-*enettWve and the moet meet L., calibrated for sbh ftrquwacy.
Is additios, since the dipoles It& in one plane, the meter aeesizg probe meat be oriented &a probes
are parallel to the = wave froet. ometimes this io impossible in near-aoet fields since thart
may be field compenoets it three orthogonal directions. Asian 1$1 has developoi on improved
isotropic wide-heM field sensor. The sonsor is ceeowsad of three elements arranged in ortiagonmal
configuration. The elements shown in Fi8.3 are losay and are heated by the field. Each element
consists of & series of thin-fils thermocouple* deposited on a plastic substrate. The instrument
is used whore the wavelength to long compared to the length oC the thermocouple strips and since

itair resistance it very high, field porlubstiona are negligible snd the heating In sabh strip is
proportional to the square of the electric field component along it. A signal it obtained !rom
each strip that is proportional to the 12 heating of the element. The signals from 3 to 4 cm
laong lements are suMmed to provide a signal proportional to the square of the total eloctria, field.
since the elements are relatively lons, however, the instrument can only be used where the fileld
var liton is mail over the region occupied by the three orthogonal sensing elements. The meter
shown in Fig. 4 is desi:.nd to operate over the .85 to 15 GOs frequency range for measuring electric
field stremnthi of 9 to 610 V/a or .02 to 100 mW/cm-'

Another type of broadband isotropic field sensor has been described by lowman jA1. This sensor
consists of three orthogonal dipoles with diode detectors connected between the arms of the dipoles.
The signals from the dipoles are conducted independently through high-reststance leads that are
transparent to the microwave fields to the instrumentation, as shown in Fig. 5. For low intensity
fields that have wavelengths that are large compared to the dipole lengths, the detected signals
from each orthogonal element of the field sensor are proportional to the square of the corresponding
electric field components. The signals are equalized and fed to a smming amplifier which has an
"output proportional to the 1112. For fields with high intensities, the non-linear characteristics of
the sumiu amplifier provide an extended dynamic range. The iznstrument is calibrated to display
(1/4) co7112, the electric field density. The meter, shown in Fig. 6, is useful In the friquency
range .03 to 3• art for electric field strengths of .9 to 4750 V/., or 0.0002 to 6000 nW/ca'.

Survey meters of the type described above can be used meaningfully only to measure power density
in a radiation-type field or the square of the electric field intensity in a near-sone field. This
information, is not enough, however, to Indicate what is happening in the tissues of the exposed
subject. These problems are discussed In detail In the following sectioats.

2. Glass Probe and Thermocouple Combination

All the problisis associated with mc.i'uring temperature and absorbed power density in tissues I
with thermocouples discussad previously car be eliminated through a technique that utilizes a small
diameter plastic or glass tube sealed at one end and implanted at the location where a measurement
of the absorbed power is desired. The tube, illustrated in Fig. 7. is long enough so that the open
end. fitted with a plastic guide, protrudes from the tissue. A very small diameter thermocouple is
inserted into the tube with the sensor located at the probe tip and an Initial temperature id
recorded. The thermocouple is quickly withdrawn from the tube and the animal is exposed under the
normal conditions of the experimental protocol with the following exceptions. Instead of using the
power level normally chosen for a given experiment, a very high power burst of radiation of duration
sufficient to produce a rapid but safe temperature rise in the tissue Is applied to the animal. The
thermocouplw is then rapidly returned to its original position and the new temperature is recorded
for several minutes. The temperature versus time curve Is then extrapolated back In tine to the
period when the power was applied and. based on the density and specific heat of the tissue, the
absorbed power density is calculated from the difference between initial and final extrapolated
temperatures. The short exposure period insures that there is no loss of heat due to cooling or
diffusion, so integration of the energy equation over the short time period t gives Wa = 4.186 X 103
cAT/t, where c is the specilic heat of the tissue. AT the temperature change in degrees Celsius, and
t the time of exposure in seconds. The measured absorbed power can then be used to relate the input
power of the source to the absorbed power in the tissue under normal lower power exposure conditions.

3. Thermistor with Hifh Resistance Leads

Miniaturized thermistors with sufficiently small di.•neter high resistance leads can be used
for certain measurements in tissues exposed to EM fields. They must be used with caution, however,
with a clear undarstanding of their limitations. Even though the high resistance leads do not
appreciably modify the general field patterns in the tissues, small currents can be induced In the
wire leads producing viry high current densities at the termination of the leads at the thermintor.
These field concentrations can produce effects in the cells immediately surrounding the thermocouple
tip and produce sufficient heating to modify the temperature seen by the thermistor itself. These
problems can be alleviated somewhat by surrounding the thermintor with a dielectric material to
prevent the fringing fields froa concentrating in the tissues themselves. This would tend to increase
the response time of the thermistor, however, due to the thermal barrier produced by the dielectric
material. The second problem can be eliminated by extending the thermistor leads beyond the sensing
element a sufficient distance to remove the element from the tringing fields. This latter approach,
however, cannot be indiscriminately used to monitor temperatures in animals whore biological effects
are simultaneously being monitored since in many cases effects on cells near the terminals may
contribute to the general effects.

........



4. Microwave Diodes

The same techniques involving microwave diodes and dipoles that are used for direct measure-

ment cf fields in air can also be used ii tissues. There are difficulties, however, since the ratio
of the dipole length to feedline separation must be kept large to maintain accuracy while at the
same time the dipole must be sufficiently short to implant with a probe. howman 171 propodes an
implantable diode using three orthogonal dipole and diode combination@ of this type with smallI high resistance plastic filaments as lead wires. Johnson and (uOv, (II] have used a microwave diode
with pigtail leads cka to 1/2 cm as a dipole antenna to make field measurements at the brain surface
of a cot. The major problem with this type of sensor Is that it must be caltibrited for each tissue
that it is placed in to account for changes in dipole source impedance. With a proper design,
however, the impedance problem could conceivably be solved. Recent work by aRssen IS' has hii-ei
directed toward this type of measurement, but at this time there does not seem to be any configuration
that has been tested in biological tissues.

W, S. Fiber optic Liquid Crystal Probe

Johnson, et al., [ 9] has developed a probe for measurement of tesperature in tissues under
exposure to electromagnetic fields. The probe is essentially transparent to the electromagnetic
field since it does not possess metallic parts. It utilizes fiber optics to transmit information
to and from a sensor tip that consists of a liquid crystal thin film. The aensor tip, which is
inserted into the tissue at the point where temperature or dosietry information is needed, consists
of a bulk liquid crystal encapsulated between two nested mylar(jIgcups and fitted over the tip of the
fiber optic bundle. One-half of the fiber optic strands is used to transmit red light from a light-
emitting diode into the liquid crystal material, and the other half carries scattered red light back
to a photo detector. Any temperature change in the liquid crystal shifts the color center resulting
in a ('hang. in backscattering of the red light. The device is capable of' providing an output voltage
change of 20-40 mW*PC. Tests have shown that the probe is capable of measuring the true temperature
in tissues exposed to electromagiiotic fields without producing any changes in the field configuration
in the tissues.

6. Measurement by Thermogjraphy

Guy I1')], and Johnson and (',., [111 have described a method for rapid evaluation of absorbed
power density in tissues of arbitrary shape and characteristics when they are exposed to various
sources, including plane wave, aperture, slot, and dipoles. The method, valid for both far- and
near-zone fitlds, involves the use of a thermograph camera for recording tenperature distributions
produced by energy absorption in phantom models of the tissue structures. The absorbed power or
magnitude of the electric field may then be obtained anywhere on the model as a function of the
square root of the magnitude of the calculated heating pattern. The phantoms are composed of
materials with dielectric and geometric properties identical to the tissue structures they represent.

* Phantom materials have been developed which simulate human fat, muscle, brain and bones. These
materials have complex dielectric properties that closely resemble the properties of human tissues
rcported by Schwan [121. The modeling material for fat may also be used for bone and the synthetic
muscle can also be used to simulate other tissues with high water content. A simulated tissue
structure composed of these modeling materials will have the same internal fieLd distribution and
relative heating pattern in the presence of an electromagnetic source as the actual tissue structure.
Phantom models of various tissue geometries can be fabricated as shown in Fig. 8. They include
circular cylindrical structures consisting of synthetic fat, muscle and bone, and spheres of synthetic
brain to simulate various parts of the anatomy. The models are designed to separate along planes
perpendicular to the tissue interfaces so that cross-sectional relative heating patterns can be
measured with a thermograph. A thin (0.0025 cm thick) polyethylene film Is placed over the precut
surface on each half of the model to prevent evaporation of the wet synthetic tissue. In using
the model, it is first exposed to the same source that will be used to expose actual tissue. The
power used on the model will be considerably greater, however, in order to heat it in the shortest
possible time. After a short exposure, the model is quickly disassembled and the temperature pattern
over the surface of separation is observed and recorded by means of a thermograph. The exposure is
applied over a 3- to 60-s time interval depending on the source. After a 3- to 5-s delly for
separating the two halves of the model, the recording is done within a 5-s time interval, or less.
Since the thermal conductivity of the model Is low, the difference in measured temperature distri-
bution before and after heating will closely approximate theheating distribution over the flat
surface txcept In regions of high temperature gradient where errors may occur due to appreciable
diffusion of heat. The thermograph technique described for use with phantom models can be used on
test animals. The animal under test or a different -inimal of the same specios, size and character-
istics must be sacrificed, however. The sacrificd animal is frozen with dry ice In the same position
used for exposure conditions. It i then cast in a block of polyfoam and bisected in a plane parallel
to the applied source of radiation used d-tring the experiment. Each half of the animal is then
covered with a plastic film and the bisected body is returned to room temperature. The same
procedure used on the phantom model is then used with the reassembled animal to obtain absorbed
power patterns over the two-dimensional internal surface of the bisected animal.
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perpendicular to the i ates of the cylinder ot i - 01. The data on the r91ht aid, of the fcoure eei
turen fro3 the (1 - c plan surface of the cylinder with the incident electric field parallel and the
mig.etic field perpendicular to the f axis of the cylinder at te 0 The "a " scaen for each modeal
were taken in• the R - 4 plan* along lines corresponding to -0'. 45%, and 90', as marked on the

"i" sctnr of each lft-5and fi6re. The sinfle "B" scan for the rsht-hand fiour is 1 taken alo2
the t axis In sc ane te themperature Informton h al converted Into relative heatins
patterni expressed by dotted lines and cthpered to theory as empreexed by solid linef In the firsres
besoi the "l" scans. The spatial scales a re 2 cs div and the tempernture scalea are 2.esC/di v. The
theoratical teults due to H am it d n 113 t hhow sbud anreo t aith the measured freative hislorn
curvee . The fomtels wfre a so exposed to other type sourcea Ifcludins the direct contact cavityapplicator illustrated an the right of Fig 13 operating at 7S0 and 915 M4a, and a commercil1
European 433 Mile (12 cu long capacity-loade J dipole) diatheray applicator shown at the left of
Fig. 13. The thermographic results from exposing the =dodle to these linearly polarized sources are
illustrated In F~igs. 15 and 16. The foomat for each figure to the same as for Figs. 11 and 12,
except all "B" *cans are limted to the 0 axis. Theoretical curves due to a plane wave source
are compared to the experimental results for these cases also. Al•though the actual sources used
were finite in size, the agreement in the results foir the exposed left sides of the cylinder@ are
surprisingly close. The patterns clearly show the increased penetration of the fields into the
muscle 4mi the decreased field emplitude In the subcutaneous fat as the source frequency to lowered.
Reflections from the fat-auscle interface are clear at all frequenciess. while reflections from the
bone are apparent only at the lower frequencies where penetration is sufficiently deep to produce
the visible heating effects.



4. kcale Model -of UllLpooiA SIRmleo, Ra !i A to "dig Froee &Murces

It has been shown that when ellipsoidal biological tissue bodies, small compared to a wave-
length, are exposed to plane wave fields, the absorbed power deasity patterns any be obtained from
the simple superpositiom of the internal electric fields obtained froe the quasi-static solutions
of the electric and magnetic field coupling calculated independently 114),115). Thus, the solutions
my be used to determine the absorbed power characteristic* for any arbitrary coination of electric
and magnetic fields as long as the proper relative amplitudes and phases of the Incident field
copnets are used whem the solutions are suporposed. We would expect similar conditions to hold
for arbitrary shapes such as a figure of san as long as the body weight is mall compared to a

Swavelength. The major problems for whole body exposure of a phantom ma in the HP hand are:
(1) the phantom model w.ild be excessively large and cumbersome, end (2) the HF power flux densities
required to produce thermographically masurable temperature incteasse would require impracticably
high transmitter powers and large antennas. The most logical approach Is the use of phantom models
of man scaled down in eise and exposed to fields scaled up in frequency 1161,117],1181. This can
be accomplished by the use of synthetic tissue material ViLh the same dielectric constant of actual
tissue and electrical conductivity and exposure frequency increased by scale factor. The power
absorption patterns in the model will then be identical for expomlre to the model frequency as those
for the full scale model exposed to the modelled frequency, with the exception that the magnitude
of the absorption will be increased by the frequency scale factor for the saoe applied field
intensities. This provides an imodlate advantage of lower required power. At the vevelength we
are concerned with, the externtlly applied field components have the same effect on the power•= absorption components whether they originate from a propagating wave or a quasi-static source.

XThus, we are free to use any source that will illuminate the model with uniform electric and magnetic
components. The resonant cavity provtdoes the most efficient conversion between a given amount of
source power to high intensity electric and magnetic field components. Fig. 17 illustrates the
phantom scale model of man exposed to the fields in such a resonant cavity. The particular cavity
illustrated was designed for ThII0 and T102 mode resonance at 144 MUa. Each mode can be fed by a
separate probe with variable control of the relative phase and amplitude of the power delivered to
the feeds. A scale model man or other exposed subject Is normally oriented in the center of the
cavity at the position of maximum electric field and sera magnetic field for the TNI 1 0 mode andr •maximum magnetic field and sero electric field for the TI 10 2 node. The resultant electric and
magnetic fields are therefore in space quadrature and independently controllable In phase and
amplitude at the position of the exposed model so that any field impedance condition can be simulated,
including plane wave conditions. The top.' of Fig. 18 illustrates the thermographic results of exposing
a 4.3 ca diameter sphere to the 144 Mixz TMItl0 electric field In the cavity simulating a 51.2 cm

diameter sphere of muscle tissue exposed to .14.1 MHz. In this case, the electric field was parallel
to the plane of separation along B1-B'. The tipper left of the figure displays the intensity or "C"
scan, the upper rkght to a profile scan with mJltiple linear "B" scans across the surface, and a
single linear scan taken before and alter exposure of the nodel is shown along the line A-A' on the
intensity scan. The resulting double exposurc i.i ýhow• direct ly helow the intensity scan. A similar
double scan was taken along line B-B', indicated oti the intensity scan and brightened along the
profile scan. The results are shown directyiv below the profile art;,. The measured power absorption
was corrected to the equivalent value for thet full scale and inormrali•ed for a square rms electric
field by I V/m by dividing by the square of the cavity fit.ld. The experimental and theoretical values
of W, calculated for the point indicated by the arrow, is shown under the figures. The radius R, the
frequency scale factor sf, and the frequency f, are shown at the top of the figure. The bottom of
Fig. 18 illustrates the results of exposing the sphere to the magnetic field with a similar format
for the display of the thermographic results. In this case, the absorbed power characteristics are
normalized to a magnetic field intensity of I A/m.

The Intensity and profile scans for the electric field exposure show very little absorbed power,
as expected, because of the poor coupling of the electric field to the sphere. Prior to exposure,
the tamperature of the model sphere was lower than the surrounding styrofoam enclosure. After
exposure, the surrounding enclosure was heated more than the synthetic tissue by the external else- I
tric fields producing a hale effect, as seen on the intensity and profile scans. The A-A' and B-B'
cross-sections of the synthetic tissue, however, closeiy correspond to that expected by theory.
The edges of the spheres are Indicated by the ',ite lines on the A-A' and B-1'B scans. The exposure
of the sphere to the magnetic field perpendicular to the observat ion plane produced the classical
absorption pattern increasing with the square of the distance. Note that the peak value of

W - 0.366 W/kg agrees very well with the thoretiC;,I lu,.

Fig. 19 illustrates the results for an ellipsoid slmuilht ilg a 70 kg man with a/h - 5.0, a a 74.8 ca
exposed to the E and H fields. The major axis of the elI fpsoid is oriented paral lel to the electric
field and the magnetic field is perpendicular to the plant- ot olist.rvation. The results match very
well with the theoretical distributions predicted by Equ,,t ions 14-16 in a previous section of this
series "B i o p h y s i r s - r n k, I v! A 1) s o r p t i , n i T ,!I i - t r i h1 t I o n ." Ihie uni for m
absorption due to the electric field is more apparent and considtrably higher than that of the
corresponding spheres (factor of 44). The absorption due to mag•it it: coupling is changed considerably.
It increases rapidly with distan':e from the major axis and decreases gradually with distance from the
minor axis along the periphery.

5. Spheres and Ellipsoids Exposed in Cavities

In a number of investigations on the biological effects of electromagnetic radiation.
metallically enclosed cavity-type chambers have been, or are being, used for exposing small animals.
The major advantages of this method are: (1) coupling efficiency is high, so only relatively low



power sores ane maedse (2) outside radiaties Is ellaimated, prows.fi1g isterferumae to ether Ueets
of the frequncy, d (1) doimetry to partially saiplifted raste with proper cavity desit, all of
the trammittod power which to easy to measure will be absorbed by the smial.e

The maijcr disadvantages of the method, botever, area (1) diffieulty is relatisp the magnitude

of the fields In the cavity and associated effset*s e the asimsls to the cse of huea emposur. to
4 plowe waeo radiatioo, (2) difficulty in determining the distributihe of the absorbed energ mong
the subjects, iad (3) difficulty 10 deteraiSiag the 41itributioR of t'eray betweea the masIMl and
other abeorbeat material such as food and water twsa multiple subjects or objects are prevast.

Guy and Korbel,. 14 have shon that whoa groups of animals are epoesed in cavities, It is extremely
difficult to mestaito a constant absorbed power relatioenhip ti each animal with respect to the power
incident to the cavity. The results show variations as great on 1000 to I Is absorbed power ntem.,ity
is the saiaml, depending on its positiom with the rest of the subjects or its positims within the
cavity. Contact with mtallic walls or staod•rd-type water dispemner@ cm alsoe pruduce serious
problem. feasurements with a standard power density meter sensitive only to electric fields cannot
be moed to predict the power absorption in a particular animl exposed in the cavity mince absorption
amy also be highly dependent on the magnetic field strength which tends to be maiEmm in regions
where the electric field strength is minimum. When single csibjects are exposed in such chambers,
however, the total absorbed power in the subject can be easily determined by standard *eas, s J
demonstrated by Juetesem &ad King [20), Hunt and Phillips [21].

The technique involves the exposure of a single subject in a high Q cavity such that all of the
power entering the cavity ti absorbed by the animal, thus, the total absorbed power ur the average
absorbed power density can be calculated. Unfortunately, thin does not give any information on hot
spots or peak absorbed power density. The thermogrephic technique described previously can be used
to determine this in phantom models or actual animal bodies pruviding certain precautioni are taken.
nrdels described previously were bisected oloug limeis of ymyetry with each half covered with a thin
plastic film. Thus, the technique is only applicable to linearly polarised fields where toe object
can be oriented parallel to the field lines. For arbitrary-type polarization such as existing in
cavities or In more general exposure conditions, a different technique has been developed by Guy,
et al., (22J. Instead of using a plastic sheet attached to each half of a model, a silk screen
layer to stretched very tightly over each half section. Animal tissue mattee or Modelling material
will flow through the openingi in the silk screen providing for good adhesion and electrical coupling
between the two sections of the model. The models can easily be separated and rejoined repeatedly
without loss of adhesion or electrical continuity.

A number of models with the eame electrical properties as human or beef muscle, Including spheres
6 ca in diameter and 14 cm in diameter, and ellipsoids with axial ratios of 2.1 to 17.2 ca were
tested in 2450 W4s and 915 lHs standard microwave ovens using the technique. Each oven wms Instru-
mented so that the incident and reflected power at the feed to the oven cavity could be measured
during exposure. The intact models were exposed in each oven for 5-60 sec and thermograms of the
plane of separation were taken before and after exposure in a manner similar to th•,at described
previously. Scans were made of the half-model corresponding to the three major planes of orientation
as illustrated in Fig. 20 for the 6 cm diameter spherical model. The coordinate system was defined
with the origin at the center of the expoied object such that the x axis ase directed toward the
front of the oven and the a axis in a vertical direction. Single scans were made over regions of
maximum power absorption and along the major axis. The net power to the oven, Pn' and the maximum
absorbed power density, W , as calculated from the thermograms are given in the figures. Since
the object was rotated oneffe a axis on the standard platform in the 918 Ml•z oven, the patterns in
the x-z and y-z planes Are identical for that case. Fig. 21 illustrates the patterns for the 14 cm
diameter sphere, Fig. 22 for the ellipsoid with the major axis oriented along the x axis, and Fig. 23
for the ellipsoid with the major axis oriented along the y axis. The observed data clearly show
the pronounced focusing of the cavity fields in the center of the smaller spheres as observed in
past work for spheres exposed to plane waves. The data also show a marked superiority of the 918 1Hz
oven in terms of power penetration and absorbed power uniformity in the larger objects.

D. WAVEGUMDE EXPOSURE SYSTK4S

A very effective and economical method for exposing small animals or in vitro preparations is
through the use of a waveguide system where the preparation to bp irradiated is placed in the wave-
guide or transmission line. This method Is a marked improvement over a cavity system since the
fields applied to the preparation are truly propagating in nature and contain both E and H components.
With proper choice of waveguide or transmiousion line size the fields can be made to closely approxi-
mate those of a plane wave. The advantages are: (1) the total absorbed power or average absorbed
power density in the exposed subject or specimen can be determined by measuring incident and
reflected power at the feed end of the transmission line and the transmitted power at the terminal
end of the line with standard instrumentation, (2) measurements of biological signals from the
preparation can easily be monitored through properly designed terminals in the walls of the waveguide
without interference to the equipment and minimum disturbance of the fields, (3) the environment
surrounding the subject, whether liquid or air, can easily be controlled, (4) nutrients can be
supplied and waste removed with minimum disturbance of the fields, and (5) a relatively pure field
configuration of known characteristics can easily be maintained. Exposure apparatus ranging from
large TER cells for exposing dogs and monkeys (231, (241, medium size TEN cells for rats (251, and
small wave*guide cells for exposing mice have been used (261. Additional type systems are described
below.



Fig. 24. illustraesn a simple weveMilde system for exposift Small srV or muscle prepai4itjso
1= 1111o 124 E). IMe Gist"m ceusists of a atIeer-platted 3-bead lB 264 wevagaide equipped with

islet and uuilet ports for Circulating fluids, The fluid, which usually Consists of tsoeratura-
Controlled useal"Am Ringer's solution, serves asiaf expoetros environment for mslataiiise the
viability of a wide optat"M of differeat I preparattism. A tomerattdre-eeurolled culture
"Wieia Centel"ia tell Culture. tould &teal LMis such a system. TMe fiare depicte & 8e4g0i06
stretched acrse" the wavegeide between. a ut of stimulating ulecsz,04a as the pre- mliemie Side
(outside the waewogUtd) sad a macties electrode am the ether (with 4 glass Capillary projecting Into
the weveguldo to make contact with the peet-gaeglies ner"). is estse preparations, both the stins-

F lating and the recording electrodes cam be placed at opposite sides of the wevoegude. A quarter-
gold* wavelength of watching dielectric with a dielectric Constant of 4 can be uvend to match the
Incident energy to the klnger's solution loes than 31 of reflected power. The system cia ba Ill..-
mimated with either CV er puled power sources with "ecidest reflected powers measured by means of
a directional coupler sand powr moter or ether methods of power monitoring uhile various hiological
test@ are made os the speciment. The alebsorhd power density in the preparatiton can be calculated byI the following ferMale

A()

where

P2 absor'bed power density In the servo (W/cc)

Ft Incident power (V)
I reflovcrid Powr MU

x: distance between the nerve sand the 1tinger's solution Interface (cm)
At cross-sectitonal area, of the weveguide (cm)
li/t depth of fieold penetration In linger's solution (1.73 cm at 2450 Mas)

Absorbed power densities up to 1.5 kV/hg from 100W1 CW sources, and 220 kU/kg peak power from
10 kW pulse sources can be produced in the specimen using an U-bead waveguido at 24.50 Ms.

2. An Imroved Vavesuide System for Chronic IMncure of Intact Animals

The major disadvantages of most waveguide ex~ponure, systems and, for that metter, F~rom field or
plane wae" exposure systems for Illuminating normal living animals is that the total absorbed power
by the animal can vary over a wide range depending oa. the position and movement of the animal.* Thus,
it Is extremely difficult to maintain a match between the generator and the exposure chamber. Of
course. circulators or Isolators may be used with the system to eliminate the reflectiones but the
widely fluctuating absorption characteristics of the animal remain* as a serious problem. With
increasing evid',nce that lon-.term chronic exposures of biological systems to low level electromag-
not ic fieold* will produce offacts that cannot be produced by short-torm exposures at sucha higher
levels of field strength, there hae been considerable interest In exposure systems for expoesin a
population of animals for long periods of time. Plane wave axposure systems and cavity syutems are
not vcry useful for this situation due to the problems that hae" beon discuased above. Guy, et &L.,
1291 have developed an Inexpensive method for exposing a population oiC annuals to a single source
while unrestrained and living under normal laboratory conditions with acceoa to food and water and
efficient waste removal without disturbing the field conditions. The system consi~tat of a number of
Individual exposure cells connected through a power divider network to a single power source. Each
cell consists of a section of circular waveguide constructed of galvanized wire screen of .63 ca
square mesh. as shown In fig. 25. At each and of the guide are Identical, readily removable, and
compact transducers for coavertIng TfN fields at coaxial cable Inputs to either right- or 1ef t-huand
circularly polarized TZ1 mode fields In the cylindrical waveguide. The assembled cell consists of
a !our-terminal device with two terminals at each end. Power fed Into the coaxial terminal, RF, at
the fosod transducer will launch a right-hand circularly polarized wave which will propagate down the
guide and couple to the coaxial terminal, R1 at the load end. Similarly, the power fed to the ter-
minal, Ly, will lau-nch a left-hind circularky polarized wave which couples to the terminal, LL, at
the load end. In an unloaded cell, there will be no cross-coupling between the R andl L terminals.

During operation of the system, a rodent housed In a plastic chamber of adequate size for
normal living conditions in placed In each cell. Each animal way move freely around in the chamber
with very little change In power coupling characteristics. The Incident circularly polarized wave
insures that the animal is uniformly illuminated with a propagating field (not unlike a radiation

orientation with respect to field polarization observed for plane wave exposure systems are virtually
eliminated. When power is fed to terminal, RF, reflections from the animal arrive at the foed

trasduerchief ly as a circularly polarized wave at the opposite sense of rotation, thereby coupling
to te oherterminals LF. Power transmitted beyond the animal remains in the e.au mense of circular

polarization so most of It is coupled to the terminal, RL at the load with a negligible amount coupled
to the other,* LL itorminal. Laboratory measurements indicate that the input VSWR rarely exceeds 1.5
and never exceeds% l.8 at the input terminal, RF, of a cell loaded with a freely moving rat, regardless
of the position of the animsal. Furthermore, the transmitted power to the LL terminal at the load end
rarely exceeds 0.1 of that transmitted to the UL terminal. Thus, for a given incident power level to



the Call, the apprONMlate total Power Coupled to the 441i1u1 tan easily be datermImed6 by eutbtraetimg

~that measured at termimale Lgamad k~ of the cell frow the tottal. It lreater accuracy to desiromd,

the small refiectioms to teria i and poenr coupled to tenrmiAl LLam alas be subtracted. ?he

absorbed power density distributions cam ba measured in phantomi moeals of a teat aoutset eposed io

rat exbpose ed to Extospossbed tope 2 a50 posDithon*in 2C 0 Dire imeetoruechmeroertm

atSI he Iiabsorbe pow ter dstrbuetio alsongbted appterximpatoeerioarta of the ei npu poerteoin toe
thel hegardls of aabteposedtion base anIcrWinuavedahrmy e "C" dreto pwer densrinety ofIac the
thermocaboupled piopiertehiu denscribar ed ino S.4 ction06Vkn 52. Thea nialsowr~e epowerdtohe near-
vaoied fof 0he aplctor !.Swiothehrzna phnolariatlon-andthe0 ditacrobewaven therc crossingwpod itho
the diYales toeedos asd wonay asrfaceaofmtl* eesto toac.cd power density at hih4 0NIU.the saxmes
psitioas thwer renihtey cofl the Inrebiase Ineasredy with ah nmberd of0 elbectrsmtic apradimation

montor sawithpledt the animal aben.ah absotanead pwaer dbstopttle nlas forfie arrnimasment Cuhoentis
Pi. 26tnol css the abootptit oeahe peae aalmes withi the witreer bodyor lmiae y abour~-wvmt 1. chok
behindter curoundnea ithe watean valu of th2 point base on aIntormtlied chamer.Dry inciden powlets leanl

besppliedtrog d hepito phattern byaeons of asecalsu ispense nate madeitor elioriabbis ca eaposeddo
hodriopnota reonath slmot aterona specgioun plansti funlars with presethtoltes ha.ft nmlr

shoe inore Fi.ow.Ter dolidburven aoresonds to he mean,.-o whraxso the shaed poaind shoedin the
thehadrro of aabthexpmean Spamcirgbeweven ditherm slCt adireheorabi was deterie by cm e wit themaueet
temadeoinpte samemanneras tehatqu described in thectbove secio. The curvwees i"puserteo the absorbe

power dioensity ind corneratt inutfc tof the eeslot.t a nietpwe est ttea

moniirFig.2tilstae the anmlasn.pewe absorbdptone density patterns measre fine animalsi exposedw tn

as 26 uIn alld ovser, the dralbsrtony srfached bystnard gainhrnsaed10esaa withi the virouleybut15ctri
feied ph olrizedalogithe axmoon thle body.9 Thergrbamse takn aonmathed rabbit bycthen tecniqesevl

descriadbreioul weare Apsocese by c40H eomptrand Slopownennabopinleswrpotdashon
- i te fgue.Power abpsitorpatienbsdon measurements ware measfred alongo thelt enxro postedo txsof ah

eyeibynthe thermocantpllo aitronap(tte techniqe peansulrgements reserct taefor thhedothe illnimal)o afrte
dhorsa surFace paralleslicuvcorsnd to the long. aheiss and shado wihorimntion ofow the rgtltrlsrae
with pderpendcula theaonSpcgbewn the loag aais assoni i.2.theseabi wassurent A agreeth measour ement
with the therswmogaphic masuremtedts.rbdI h bv etoTecr~ lutaeteasre

3. Rabbt Izposed to 91proximsaptue Poure Wv il

Fig. 30 illustrate themoweraphcseordtiondngsit taktenn toeassess thn absrabid powoer destyoi
actua cat hieads andmal 6: cm diate pantomeasuhericalon modelbdai of the hedhroramsit ware takbnifo
expsIlureiofthed hvead thdorsal body surac by 13cmapetueaorceaihr spaced10 the diwanc wictfro the docrsal
sufie.d Thlried alnsults clarly sow the pres Teneo hmigh tabsorpton ares orabhot spotsi tehniqheado
thesexposediul cawpediced frocethedb hompuerand caclatons or absophere. loths thre potheor and the
densty. figur. 31we illstrateon measuredeabsore pwere peasutern lng the hnead -of therat axid the phanto
spere by diffterentupl methods ast atfctnioquof distacefrmathe weetopnfrhlumnto of theexodsufc.Tevls

thesa centrofathe daaleed brin theylnxin also wiusrth ejl~lno thermculo mirpight ltermlasurfnsatcte.
centh erpandiofcenter tof the logaive rain ashwl stemowave diode. Tan measurements agade raoatl thel
surfache ofthendeadhi brain. mets

4. Cat Exposed to 918-Mlz Aprture Source

Fig. 30 Illustrates thethrmograph reofdingstu aken to asns the, tissubed poer oenstye bon
ofartexposur ftehed toa 918 N~le 13 X 13 cu aperture source spaced th ditac away from the admao eresult

clearlty. Fig.3llustrates unreicablred absorptio powkr thattmyeccrn In the boady and thcail ofd the rhat.a
Tpher prooudiabforptiome8.6ds/km at thcbeen of dithne tail ithde topo the enxresed curraent dhenvaity

resutir nd of-cne of the shar chagein, tisu cross-s tetion.wTve liod asorptioonnthe pelvi areatis



probably due to a standing weve mull resulting Irte body r..easece coditioee stow.e tihe rat model to
apprelmetely eas wsyw'eesth la". Imeults indieste that one must be extremNly careful Is drewing
cselstmole frem tamweteta mauremrs made with rectal themNeets. Alea, enm camot make the
*sy aeesaptlen that kboptig the tall or may pottion of the rat out from the direct beom of radia-
tics will insre we-eposse end, oossequsetly, me absorption.

6. PhaOtn &" _, oe to Ilailated 0 itoldi

fig. 33 illeutretee tbermogtams takes for a scale model ma exposed to &a electric field ori-
ented parallel to the beg a"ie simulatieg a 1.74 a hlgb 70 kg me exposed to a simulated 31 hM

electric field Is the cavity deecribed ta Section C-4. Single profile scams were takes through
regions of Intensive absorptioe. IM edges of tkh am for each scam re Indicated by white vertical
limesa. Ie arrow Indinctee the positioe I& which the peak absorbed power deity was calculated.
Areas of manlia eheerptioee *er to the mller croes-esctioas of the body such as the knees, ankles
and the ueck. Nte that the saxtau abeorption at 134 MIokg for a I V/sn lcidoad field is rate than
three orders of mgmpttudle Mhher thea that of as equivalent wlume sphere and approximately two
ordere of mag4itude greatr the that for me equivaleat volume ellipsold, Illustrated previously to
Fig. It. The high absorption ie the narrow crose-sectitme of the body ti due to the coeetrlctioa
of the Induced current aloes the length of the body, thereby Increasing the current deLitty and
electric fields in those areas. The arm are not affected since they are perallel to the large cross-
sects" traek which *beets met of the Inducd d currents. Fig. 34 Illustrates thermegrapho taken for
the em man expeed to a magnetic field perpendicular to the frontal plans simulating a 31 Ms
exposure. for this aeme, cOrculatiag eddy currents are produced. There is generally high absorption
ale" the side* of the body in the area of the ribs of apprelnmately 2.52 W1kA for 1 A/m incident
mafeetic field inteesity. Peak absorptioe occurs In real*%s where the flew of the •trculating eddy
currents are forced into the imller crose-sectional areas or are diverted by severe angular changea
of the tissue such as the regioe near the axille and the perlesem. Since the maxiaue power eheorp-
tioe due to the electric field exposure occurs where there is minimal power exposure due to the mes-
sttic field exposures we can predict maximum power absorption density for a planm wve kield from
the values given In the previous two figures. hEcept for a change In magnitude, the resulting
patterns are identical to those which would occur in actual full scale subjects with homogeneous
dielectric tissue composition exposed to fields at any frequency below those indicated. Thus, the
results can be extrapolated down to cover the entire RIP frequency range, the low frequency range,,
and even VIP and ELF frequencies. At lower frequencies, however, the nerve and muscle tissues can
become anisotropic requiring a much mere sophisticated model.

P. LOCALIZED POWER ASORPTION DUE TO ATTACHED I SYtLTMTATION AND IMPLANTS

When conducting objects, wires, or electrodes are brought in contact with or are implanted in
biological tissues exposed to 04 fields, high intensity fields may be induced locally where the

A •€cond8actors come in contact with the tissues. These fields can be many orders of magnitude greater
than the fields that would normally be present without the presence of the conductors. This is
clearly illustrated by Fig. 35 shoving thermograms taken of the head of the cat exposed to 918 Mitt
microwaves, both with and without the presence of a metal electrode inserted in the brain.

F With proper electrode design using conductors with electrical conductivity close to tissue some

of these problems may be avoided. The use of so-called "transparent leads" used for the leads of
1D hanard survey moters in moat cases will not eliminate this problem even though they do not disturb

the applied field since even weak currents Indr;ced In the conductors can produce high current densi-
ties at a point of contact with tissue if the contacting area is small.

Fig. 36 illustrate* some of the various situations one may encounter and some simplistic models
L to provide a first order Analyticatl determination of the field enhancements that may occur in the

tissues due to the presence of conductors. The figure Illustrates tissi*e bodies of dielectric con-
utant 4 exposed to EN fielda with an electric field intensity E%. Fig. 36-s illustrates field
enhancement due co wires connecting external instrumentation to electrodes in contact witb tissu'es.
Fig. 36-b illustrates field enhancements due to Implanted encapsulated instrumentation such aa used
for paconmakers or for telemetering biological information from the body of the subject. C1g. 36-c
illustrates the field enhancement due to implanted conductors such as surgical pins, prosthetic joints
and conducting electrodes. For all these cases, currents will be induced in the conductor portions
of the Instrumentation or implants resulting in field enhancement and an increased absorbed power
density, We, usually much greater than the normal absorbed power density, W. The value of WJe will,
in general, Increase with the length. L, of the leads or the implant. An insight as to the severity
of the problem can be gained by considering same equivalent configurations more amenable to analysis.
For example, the external leads may be represented by a cylindrical conductor as shown in Fig. 36-4,
and the internal insulated implant represented by the implanted coaxial antenna shown in Fig. 36-e.
A radius, a. and a length, L, is assumed for the conducting portion of each antenna and an insulation
radius of b, and dielectric constant cd is assumed for the implanted coaxial antenna. Each of these
Ca8se can be analyzed in terms of the equivalent circuit shown in Fig. 36-f where an equivalent
generator with open current voltage equal to the product of the effective length of the antenna and
the electric field strength in the direction parallel to the antenna In shown. Za and Z. represent
the source and electrode impedances of the antenna, nnd IV Is the electrode current. If we assume
P..at the contact of the conductor with the tissue in each case is hemispherical with uniform current
density, J., normal to its surface we have

is 1 le/2ua2 (2)



The factors of increase of current density, J# electric field 9, and power absorption density V
normally present in ti-P, undisturbed tissue due to the presence of the electrode would be related byJ -j.3t/g . (W1,/V)112 where subscript e denotes values of each quantity at the tip of the implant.
It fw consider a conducting ellipsoidal shaped implant with dielectric constant Q4 and major and
minor ge.s Za and Ab small compared to a wavelength in the tissue, as shown in Fit. 3w-.., we may
use equations 10-12 previously discussed by Guy in this Lecture Series "biophysics - Energy
Absorption and Distribution" Section K, to predict the increase in field intensity and absorbed
power at the tip as a function of b/a and dielectric constant of the implant. Fig. 17 illustrates
the increase in field intensity for various materials implanted in muscle with dielectric propertits
as shown. With dielectric constants or conductivities large compared to that of tissue (muscle at
a frequency of 2450 PMO) the minimum factor cf enhancement would be 3 with b/a - correspondin* to
the sphereA and the maximum would depend on the implant material with values as high as 107 for
copper. 10• for carbon, a.d 13 for the teflon-carbon polymer, The latter material is used for
fabricating transparent le.)ds for 0Jl hazard meters and Instrumentation used in the presence of ml•
fields. The ntarer the properties of the object are to those of the tissue, the closer the enhance-
ment factor is to unity. When the object is appreciable In size compared to a wavelength, the
analysis is much more complex, but we would expect similar degrees of enhancement as predicted for
the quasi-static analysts.

The enhancement due to an externally applied cylindrical lead shown in Fig. 36-d can easily be
calcalated from antenna equations. For a thin rod antenna, short compared to a wavelength, we can
obtain the approximate expressions

Lef L/2, Za a (j21fC) 1, C a ZWc ./ln(-k). and 2 ' 4wrca.ff 0 ~aV3

Since Z ) IZj, the magnitude of the current is

E L/2 21E L-: f
I. - 21
? z'a mn(2l" )

al/

a ,"• ( 3 )

and the enhanced field is

e 2,qa=• o n 2Li (4)
m o sIn

w'herea:i the field in the tissue based on continuity ot the displacement wetter across the

air-ti:isue interface would be

so the factor of field enhancement Is

EL

�3 2In( -- 4L)
m a %'3

mho
or for muscle tissue at 2450 .MHz with ý1 • 47 and a. 2.21 m

_•E - S1 3 (-)2/ (L ) )

Thus, with L/a - 100, Ee /E = 3222 and W e/W - 107 corresponding to a large field intensification

at the point of contact. For longer antennas the impedance Za would be less, and I would be i
greater, resulting in an even greater intensification of the field.

For an implanted insulated antenna, shurt compared to a wavelength, shown in Fig. 36-e,

L - L/2 and Za - (12,fC) 1

where
cd (7)

lin(./)

and 'd - the dielectric constant of the insulation. For this case, we, obtain
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I [wamn(b/a) (8)

or for Ed * 2.25 and b/a 2

10I°I a (9)

When L/a Is typical!1" in the range 10 to 100, Ke/E - 102 to 103, and We/W I i4 to 106

indicating that significant field enhancements can occur even for implanted insulated conductors.
Note, however, that for implanted insulated leads, the field enhancement will markedly decress" with
frequency. For example, Ee /E - 10 and We 1W - 100 at 24.5 MHz. Below 2.45 Nfz no field

enhancements would occur except that due to the portion of the conducting electrode in contact with
the tissue, as predicted by Fig. 37. This is not the case for the implanted uninsulate- conductor
or eyternal lead, however. The latter is not improved significantly for lower frequencies since
that product Ic*fl in Equation (5) remains relatively constant with frequency.
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Fig. 1. Simplified sketch of thermocouple survey meter design.
(from Johnson and Guy [fil)
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Fig. 2. Narda Model 8100 radiation survey meter with probes of various
sacnsitivites.

?L

Fig. 3. The Aslan antimony- bismuth broadband field sensor element with
distributed thin-film resistive thermo couples.
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Fig. 4. Hard& Model 6300 Series ownt directional broadband radiation suarvey
sisters.
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Fig. 5. The block diagram of the Bowman radiation survey meter.
(from Bowman [6])
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Fig. 6. Bowman radiaticn survey meter.
(from Bowman ([1)
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Fig. 7. Apparatus used forodeprmening poer absorption density in biological
tissue by a thermocouple. (from Guy [2])
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Fig. 8. Phantom tissue mod�1a.
(from �uy [2])
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Fig. 19. Scale model thermograms and calculated pe-ak absorbed power density for 70 kg
5/1 ellipsoid (a = 74.8 cm) exposed to 24.1 Milz fields: Vert. div 2%C; Hor.
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Fig. 20. Thermograms illustrating power absurption patterns for 6 cm diameter sphere
exposed in 2450 MHz and 918 MHz microwave ovens. Scale: horizontal - 1 div -
2 cm, vertical - I div = 3.33C; vertical lines on major scans indicate
boundaries of object.
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Fig. 21. Thermograms illustrating power absorption patterns for 14 cm diameter sphere
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boundaries of obhtvct.
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ELECTROMACNETIC INTERFERENCE OF CARDIAC TACEMAKERS

by

John C. Mitchell
Chief, Radiation Physics Branch, Radiobiology Division

USAF School of Aerospace Med.cine
Aerospace Medical rA..'.ion (AFSC)

Brooks Air Force Base, xas, USA, 78235

"SUMMARY

The effect of electromagnetic radiation ('MR) on cardiac pacemakers is a univae blot.'octs problem.
The purpose of this lecture is to present the current state-of-technology concerning this effect. Current
test procedures including methods to simulate pacemaker implant c nditions and the use of fiber optics
instrumentation techniques for cardiac simulation and pacemaker interference evaluation are presented.
Test results and their clinical significance are discussed for different types of EMR emissions including
microwave ovens, electrical appliances, gasoline engine ignition, radar, and intense electromagnetic
pulse generators. Reported threshold values for pacemaker electromagnetic interference (EMI) range

!i from 10 V/m for the more sensitive devices to greater than 300 V/m for the less susceptible devices.
Such EMI threshold values are further modified by the frequency and p.lse width of the incident EMR
signal. Maximum interference coupling appears to occur at frequencies between 100 and 500 MHM ard
thi EMI threshold is inversely proportional to pulse width over the range from one microsecond to several
mildiseconds. The ultimate biole-ical effect is dependent on the characteristics of the EMR source, the
proximity of the pacemaker user to the source, the attenuation afforded by body shielding an4 orientation,
a, i the state-of-health of the pacemaker user. The test results presented provide considerable evidence
t at many ,nanufacturers have recognized EM! as a potential bioeffects problem and have taken the neces-
sary corrective actions to build devices with good electromagnetic compatibility (EMC). Continued aware-
ness of potential interference conditions by manufacturers, physicians, and pacemaker users will
eventually resolve this problenm and serve as the basis for good EMC design for future medical prosthetic

dedeeahochees.

INTRODUCTION

•" Luring the past decade the electronic cardiac pacemaker has been developed into &sophisticated,prosthetic device. It is applied in medical facilities throughout the world to correct mallunctions (atrio-

ventricular heart block) of the body's electrical conduction system tc restore the rhythmic ou-.-pn.g action
of the heart.

At least fifty different companies manufacture pacemakers, and some manufacturers have ten or more
different models (eleetronic design and function). Figure 1 illustrates 16 different pacemakers made by
ten different companies. In general, pacemakers may be classed as fixed rate (asynchronous) and
demand (synchronous or R -wave inhibited). Fixed rate pacemakers provide a fixed. preset rate of

electrical stimuli to the ventricles which is independent of the electrical and/or mechanical activity of
the heart. Derriand pacemakers sense the depolarizations of the heart muscle activity and produce their
own depolarization signals (electrical stimulus) only if the normal heart depolarizations are not present.
The atrial synchronous pacemakers sense the depolarization of the atria, delay the signal to simulate
naturv' conduction ti-ne, and then provide the electrical stimulus to the ventricles. The R-wave inhibited
demand pacemaker senses depolarization of the ventricles if it occurs naturally and inhibits its output;
i.e., the pacemaker functions only when the AV heart block occurs (1).

Most of the pacemakers implanted today are of the fl-wave inhibited type. They contain an electronic
timing circuit which is reset by normal depolarization or the pacemaker btimulus. Their sensing circuit
is progremmed to respond to electrical signals normally generated by the heart. Thus, energy pulses
induced externally via the pacemaker leads or circuitry can erroneously cause the pacemaker to inhibit
its needed output.

Essentially, all demand pacemakers have interference rejection circuitry which, upon sensing exter-
nal electromagnetic (EM) interference .-aving ba-ic pulse repetition rates (PRR) greater than 50-60 Hz,
will revert to a fixed rate mode of opir.,tion. This is judged a nonhazardous form of interferenre. How-
ever, external EM signals having a .A in the range of 1 to 10 Hz and energy pulses greater than the
pacema':er's interference threshold value will cause the pacemaker to inhibit, and this is a potentially
hazardous situation for the pacemaker user (2, 3., 4).

Case histories of pacemaker interference reported in the open literature substantiate the potential
problem (5-11), although many cases of pacemaker EMI probably go unreported due to the nature of the
interference phenomena. For instance, upon sensing externaL EM radiation, many pacemakers revert to
a fixed rate sufficiently close to their demand rate "hat the user would not normally detect the change.
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Figure 1. Cardiac Pacemakers

Top Row: Stimtech 3821; General Electric A2075A; Medcor 3-70A; Starr
Edwards 8116 and 8114; Pacesetter BD-101

Midd'e Row: American Optical 281003 and 281143: giotronik IDP-44; Cordis

162C and 164A; Vitatron MIP-40-RT

Bottom Row: Medtronic 5842, 5942, 5944, and 9000

High power radiofrequency radiation emitters such as air route surveillance radar can cause many
pacemakers to mist single beats as the radar beam scans past, an effect most likely unnoticed (2). Even
more serious interference may not be identified because, most often, interaction times are short, i. e.,
either the source of EMI is moved or turned off or the user moves from the particular area of the effect.
Additicnally, little postmortem followup is made of pacemaker users to identify any possible causal re-
lationship to EMI.

Notwithstanding the preponderance of fMI data now available and general acknowledgement of the po-
tential hazard to individual us =, -n., uversy will continue as to the clinical significance of this effect of
EMR on the pacemaker populace (12, 13).

Test procedures, instrumentation techniques and EMI test results are presented as a technologic-il
overview of the state-of-knowledge at this time concerning the interaction of EM fields and cardiac pace-
makers.

TEST PROCEDURES

Implant Simulation

Realistic assessment of the effects of EMR on cardiac pacemakers must be made under actual im-
plant conditions or accurate simulation of implantation. Initial EMI studies by the USAF School of Aero-
space Medicine were conducted by implanting pacemakers in 18-?.0 kg dogs and effecting a n3,plete
atrioventricular heart block (14). This procedure is costly and has obvious disadvantages in having to

handle the animals under a variety of test conditions in the laboratory and at remote test sites. Thus,
alternate techniques have been developed to simulate the pacemaker implant.

The Association for the Advancement of Medical Instrumentation (AAMI) working under a contract
with the U.S. Food and Drug Administration (FDA) has developed a draft protocol for testing cardiac pace-
maker EMI characteristics. They recommend using a 80 cm x 40 cm x 20 cm container made of 5 cm
thick plastic foam (density of 0.035 g/cm 3 ). The container is filled with 0.03 molar saline solution and
the pacemaker and leads are located to place I cm of solution "''n the pacemaker and the wall of the
container. A similar arrangement used in the USAFSAM tests provided good correlation between this
method of simulated implant a ald the implanted dogs (4, 14). With the many variables (body size, location,



depth or implant) in actual human implants, it is felt this procedure for implant simulation is sufficient
for EMI testing.

Instrumentation

Many different type@ ol' instrumentation techniques have been used in cardiaic pacemaker EMI testing
(2, 4, 7, 14, 15). The principal requirement is that the instrumentation system be immune to the EM
fields encountered in the tests and that it present to the pacemaker a load and signal simulating those en-
countered in an actual implant situation so that the results obtained apply to a human implant. The system
should also provide real time recording of the incident EMR signal and the pacemaker responle.

Several models of pacemakers have interference rate, identical to their demand rates, so it is often
difficult to determine s* sceptibility thresholds for pacemakers in EMR fields having pulse repetitinn rates
sufficient to cause the p.kcemaker to revert to its fixed rate. The minimum PRR values range from 10-60
Hz depending on the specific pacemaker. Thus, a method to simula'e normal heart activity at the pace-
maker leads io required so that an R-wave inhibited pacemaker would be inhibited by this simulated activ-
ity and would not produce a pulse until it detected interference and reverted to its interference mode. An
additional requirement is imposed for a synchronous pacemaker to track the simulated activity up to its
interference threshold. A system of this type has been developed and incorporates a light-emitting diode
(LED) fiber optics monitoring system (16).

The system was developed to present a resistive load near the upper limit encountered with implanted
pacemakers. Such a circuit will limit the possible range of load resistance from 350-1000 ohms as the
resistance across the jack var•.s from 0 to infinity (see figure 2). Thus, the firing of the LED will not
radically change the load when the pacemaker pulses as would occur if the LED were connected in either
series or parallel with the load. If the LED were connected in series with the load resistance, the load
would be over 100 kilohmsurtil the pacemaker pulsed; if the LED were connected in parallel, the load
would drop to under 100 ohms when the pacemaker pulsed. This design also enables a magnetic earphone
to be plugged into the jack to be used as an audio monitor to ensure that the pacemaker is properly con-
nected to the load. The 1000-ohm resistor in parallel with the pacemaker (Fig. 2) is the load the pace-
maker sees except when emitting a pulse, in which case the LED has a fairly low impedance (since it con-
ducts during the pulse). When the LED fires, the load on the pacemaker is approximately 500 ohms, de-
pending on the output voltage of the pacemaker.

•TO•,IKA SUUMIATURI
NLEWO PUSM MAW

MALL. _'•7 ...

4OV

LIGH P Pt O

CLARK41-

Figure 2. LED pacemaker monitor.

The LED is mounted ir. a subminiature audio plug. The light pipes are sheathed and contain approxi-
mately 36 plastic fibers. The end of the ligh. pipe is held in contact with the LED by a friction fit between
heat- shrink tubing over the plug and over the jacket of the light pipe. This enables the light pipe to be
removed and exchanged for a longer or shorter length. The length of light pipe which can be used effec-
tively is limited because of signal loss; however, lengths@of about 3 and 8 meters have been used success-
fully.

With a device added to simulate cardiac output (16), the pacemaker testing system is a satisfactory
simulation of the environment experienced by an implanted pacemaker. Figure 3 is a recording of two
pacemakers' responses to the simulator: an R -wave inhibited pacemaker in both demand and fixed rate,
and a P-wave synchronous pacemaker in both synchronous and fixed rate modes. These recordings
illustrate the advantage of such a system to determine if the pacemaker is in an EMI mode.
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Microwave Ovens

Although most microwave ovens operate at 2450 MX4lz with 60 or 120 H~z modulation, the mechanical
mode stirrer produces a ..econd modulation of about 0. 5 to 10 Hz (17). Many of the pacemakers in com-
mon use several years ago exhibited serious disruption by this type of EMIR emission (6, 17, 18, 19).
The pacemaker int,.rference threshold was less than one microwatt/cm 2 resulting in the more sensitive

devices being adversely affected at distances of several meters from the oven. The potential hazard of
this type of pacemaker interference has been essentially eliminated with recent impr",vements in pace-

maker circuitry and application of EMIR shielding and filtering techniques, coupled with more stringent
control of microwave oven leakage.

Electrical Appliances and Engine Ignition

The EMR onhssion from a large nsopber of electrical appliances (drills, saws, food mixers, hair
dryers, razors, vacuum cleaners, etc.) and the ignition of gasoline engines (powerboat motors, automo-
biles, lawn mowers, etc. ) can cause pacemakers to exhibit reversion to fixed rates, inhibitior( (cutoff),
and tachycardia (, 7). However, in almost all such cases the pacemaker must be within about 0.s5 meter
of the source to be adversely affected. Thus, as in the case of microwave ovens, such sources of EMI ard
not considered a seriouc threat to most currently marketed pacemakers.

Hict h Power EMR Emitters

Many different types of high power EMR emitters ranging from television transmitters to ramxar can
dree razor .vauu clanrs et. n-h-giinofgsln nie Pweba oos uoo
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produce pacemaker interference (2, S, 8, 9). Typical of such emitters are the Air Route Surveillance
Radars in operation throughout the world to monitor the flight path@ of aircraft. These systems propa-
gate -1-5 me 4awatts peak 7,ower at frequencies between 1-3 GHz with pulse repetition rates (PRR) of
200.400 pps, and pulse widths IPW) of 2-10 microseconds. Tney rotate at S-C rpm and operate 24 hours
per day, 7 days per week. Tho. ugh they are usually located on 15-Z5 meter towers, they produce suffi-
ciently intense EMR signals at ground level to disrupt some pacema'ers at distances of 300 meters or
more from their antenna (2). Figure 4 is a typical ),lot of the real time EMR field intensity in volts per
meter at ground level -650 meters from such emitters.

Clh.rt Speed ZO ms/se,

- _______ -- 100 V/M

,A• 10 V/M

L J

Figure 4. Typical Plot of Real lime EMR Field Intensity
'50 Meters from Air Route Surveillance Radar.

Pacemakers may often miss single beats in the vicinity of such radAr as the main beam passes over-
head resulting in the loss of 5-6 beats per minute (bprn). Figure 5 is a typical recording of this effect.
At closer approaches to such emitters, the pacemaker EMI threshold may be exceeded by other peaks of
the lobe structure (shown in figure 4) resulting in a further reduction of pacemaker rate. Figure ') is a

typical recording of this effect. Additionally, the lobe structure can appear as a 1-10 Hz EMR signal
which the pacemaker can sense as heart activity and the pacemaker will '.nhibit (cut off) altogether.

In general, the EMR electric field (E-field) intensity at ground level does not exceed 100 volts per
meter for significant periods of time. Therefore, the pacemakers having EMI thresholds greater than
100 V/,n should not be seriously affected.

Electromagnetic Pulse

Electromagnetic pulse (EMPI facilities are unique sources of EMR emission which produce intense
pulses (up to 100,000 volts per meter) in -0.5 microsecond with -90% of the frequency components be-
low 10 MHz. Tests conducted by USAFSAM included the exposure of eight dogs, implanted with different
types of pacemakers (14), to single pulses at 5, 25, and 50 kV/m. On the basis of electrocardiograph
recordings made before and after exposure, it was determined the pacemakers were not seriously dis-
rapted.

In studies usir.. EMP sources in a repetitively pulsed mode, an EMI level of 500 V/rn was established
as the threshold for serious effect. These tests were conducted under simulated implant conditions for
peak E-field levels from 300 V/m to 6000 V/m with PRR values from 2 to 100 pps.

Laboratory Tests (450 and 3100 MHz)

Recent cardiac pacemaker EMI tests were conducted under controlled laboratory conditions using
square wave modulated 450 and 3100 MHz EMR fields (4). The purpose of these tests was to evaluate
the overall improvement in EMI thresholds when compared with tests conducted 2-3 years earlier.
Seventy-two pacemakers representing ten manufacturers and twenty-three different designs were tested.
The 450 MHz fields were circularly polarized with E-field levels up to 292 V/m. The ranges of PW and
PRA used were 1 microsecond (ssec) to I msec and 2-50 pps, respectively. The 3100 MHz fields were
vertically polarized with levels up to 321) V/re. krms) for a PW range of 10-120 jAsec at 7-400 pps. The
p -ermakers were positioned in the "far-field" region of the anechoic chamber in the EMR beam center
and tested 4n a simulated implant configuration similar to that described above. The pacemaker response
was recorded via a fiber optics telemetry system as described above and by Steiner in a recent School of
Aerospace Medicine Technical F.eport (16).
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Table I summarizes the EMI adverse effect threshold values for the 23 models (typLs) tested under
sitnulated implant conditions at 450 MlIt. An adverse efiect in defined an a pacemaker rate which falls
below rý) heats per minute (bpm) or exceeds 125 bpm as a direct result of EMI. In most instances the
valse at which the most sensitive of so-called identical pacemakers cut off completely was selected as
the adverse effect threshold. In cases where the threshold is based on an increased rate, it was generally
observed that the pacemaker rate continued to increase with incre~sing FMR field level. Where no adverse
effect was observed at the maximum field level available, it is noted by >300 Vim. Blank spaces indicate
the other data poiats are adequate to ..escribe the effect.

TABLE I

SUMMARY OF ADVERSE EFFECT TIIRESIIOLDS FOR
CARDIAC PACEMAKER ELECTROMAGNETIC INTERFERENCE

(SIMUILATEI) - IMPLANT CONDITIONS)

Frequency 450 Milt, Pulse Width I msec

Pulse Repetition Rate in pps

Pacemaker Manufacturer
and Model Number 2 10 20 40

V/m(bpm) V/m(bpm) V'/m(bpm) V/m(bpm)

I. American Optical 281003 13(0) 15(0) 243(0)
2. American Optical 281011 26(0) 26(0)
4. Americak Optical 281143 >>0>0 >300
4. Amiotronik ODP44 14t(0) >400 >300 >300
5. Cordis Atricor I 3C7 >300 >300 141(172)
t. Cordis Ornni-Atricor 164A >100 >300 >300
7. Cordis StLnicor 143E7 15(0) 15(0) 243(0) >300

. Cordis Omni Stanicor 162C 8(0) 9(0) >100

q. General Electric A20721) 29(0) 207(125)
10. General Electric A2075A ? (0) 141(1251
11. Medcor 3-70A 29(0) 141(0) 141(0) 141(0)
12. Medtronic 5842 15(0) 15(0) 15(0)
13. Medtronic 594Z 12(0) 12(0) 12(0)
14. Medtronic 5943 23(0) 19(0) >300
15. Medtronic 5944 26(0) 26(0) >300 >300
16. Medtronic 5950 >300 >300
17. Medtronic 5951 >300 >300
18. Medtronic 9000 10(0) 10(0) 10,0) >300
19. Pacesetter BD-101 >300 >300
20. Starr Edwards 8114 23(0) >300
21. Starr Edwards 8116 -o300 'u300 >300
22. Stimtech 3821 107(0) 114(0) --300
23. Vitatron MIP-40-RT 93(0) 107(0) 243(0) 243(0)

NOTE: The adverse effect threshold is assigned when the pacemaker rate falls below 50
beats per minute (bpm) or exceeds 125 hpm as a direct result of EML.

The test data summarized in Table I serve to illustrate the wide range (8 V/m to >300 V/m) of EMI
susceptibility thresholds among the Z3 pacemaker r,niodels tested. Comparing the relatively new A. O.
pacemaker (item No. 3) with the older A.O. models (Nos. I and Z) -hows a dramatic improvement in EMI
characteristics. The same is true for the new Starr-Edwards model 8116 compared to their model 8114.
It is also noteworthy that the relatively new Pacesetter pacemaker was not affected by the maximum EMR
levels available in these tests indic-ting that EMI characteristics were considered during the design stages.
Again as in tests conducted two years ago, the Biotronik pacemakers (obtained just prior to these tests)
maintained good EMI characteristics. Although the improvemer.ts in EMT characteristics were much
greater for some models, it appears that all of the manufacturers are including EMI as a design considera-
tion and in essentially every case the newer models show improvement ir this respect.

The data in Table I also illustrate a relatively wide range of PRR values for reversion to fixe,.ý rate,
!some pacemakers reverting upon sensing EMI at pulsed rstes less than 10 pp. while others have not re-
verted at 40 pps. The newer pacemakers demonstratc good improvement in this area. For example, the
new Medtroni: pacemakers now revert to fixed rate at lower PRR values.

The tests conducted at 3100 MlIx using 120 microsecond pulses end maximum EMR fields of 320 V/m
with the pacemakers exposed in a simulated-implant configuration caused very few adverse EMI effects.
All adverse effect thresholds were greater than 200 V/m. The l'W studies described belo" indicate the
3100 MHz EMI thresholds would be much lower if the PW were increased.
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At 4S0 MPIa EMI thriesholds were measured for PWa between I *sec and 1 msec at a ppe and So ppe
(Fig. 7). Each curve generally represents dita from more then one pacemaker. There was no Signkfi-
cant difference between the I ppe and SO pp. data. The constant puls, energy density curve shows the
relation between PW and the product of power density during the pulse and PW (energy density). These
date demonstrate that the EMI response threshold is inversely proportional to PW.

For 3100 M4&, a PW range of 10-120 see for 7 ppe and 400 pp. was investigated (r11g. 8). Tho data
were normalised to the 120 pocc pou.ts. The G. E. model AZ07ZD was the only pacemaker whikh demon-
strated a significant difference in relationship between threshold and PW for different PRRa. The 3100
MHa data also demonstrated that the E-field threshold is inversely proportional to PW.
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Figure 7. Relative pacemaker EMI thresholds vs. PW (450 MN.)
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Figure 8, Relative pacemaker EMI thresholds vs. PW (3100 MHz)

DISCUSSION

Electromagnetic radiation having a field intensity abov. a certain threshold value (dependent on the
specific pacemaker) can disrupt the normal pacemaker function and create a potential hazard for the user.
The extent and significance of such EMI is dependent on many factors including:

(1) The frequency of the incident EMRl signal. Available test data indicate maximum interference
coupling at frequencies between 100 and 500 MHz.

(2) The pulse width (PW) or energ) density of the EMR signal. The interference threshold in volts/
meter is inversely proportional to PW.

(3) The pulse repetition rate (PRR). If the EMR field intensity is changing in such a manner to mimic

a PRR of about ! to 10 ups with the neak uf each pulse above the pacemaker's interference threshold, the
pacemaker will inhibit (cut off). It the effective PRR is greater than some inherent value (specific to each
devicel, the pacojnaker may revert to its interference rejection mode (fixed rate). Reversion to fixed
rate is judged nonhazardous. Inhibition is judged hazardous.

(4) Proximity and orientation of the pacemaker patient with respect to the incident EMR field. Budy
shielding can significantly alter the EMI, particularly at frequencies greater than I GHz. In many cases
of interference such its those associated with microwave ovens (2450 MHak the user can completely
eliminate the EMI by simply rotating his or her body 90o - 1800 to place more body shielding between the
pacemaker and the EMR source. Also, pacemakers exhibit immediate recovery to normal function as soon
as the EMR signal is eliminated.



(5) State-of-heslth &ad cardiac cosdition of the user. Some users are much more or lose depoident
on exact pacemaker function and may or may not be ablt to tolerate the transioet effect* of EML.

Currently marketed pacemakers euhibit a wide pengS at IM! susceptibiities, demonetrating the
technical feasibility of manufacturing devices to be compttible witht most EMR environmnts. In ge*eral.
the pacemakers being marketed today as compared t" those of two years ago oi(er considerably more
resistance to electromatmectt interference. Alse, it apars the t.tel number of the more sensitive pace-

f makers in service two years ago has been reduced about 44. ,A. Conltinuing effort by the manufacturers will
Sultimat.•ly resolve most of the ;vtratald pacemakesr XM| pr-3bems. and it is hoped that the manufacturers
So#t other medical instrumentation &nd electronic proothesls will incorporate good XMdl rejection technIques

in 0 new devices.
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The only two quantitative crittria presently available tow setting of electromagnetic pulse
(CKP) safety standards ar*; (1's the AntS C91.1 Wafty Standard boasd on limiting thermal insult
at microwave trequencies, and (2) the thresholds for the stimulation of aettable membrames by
electric current. The first io not realistic for application to the 00i siace the induced
currients and tnttgy deposition in axpased tissu* ti not based on an applied field amlitude sad
duration relationship, but is rolat%,~4 orlay to the rise and fall tims of the applied field pulse.
The Induced current* in the tismues of man exposed to impulsi-e electromagnetic (W) fields do
not appear to be sufficient for stimulating action potentials.

A. INTMODCYION

Thmere hashbe recent concitrn over the htavrds of Olectrimalet it pulse (3W) SimulatorsI deaigned to simulate the IM aemuta~ag from a nuclear explosian. Thase simulators are used for
testing electronic control and ckvmnicatton equipment for performance under the enviromeet of
a nuclear attack. Generally. the simulator% are designed to generate a transient hig'S Intensity
electromagnetic field (EK) with an electric field intensity in excess of 50 tM/r and a field
Impedance of 120w ohms.. The rise times and pulse widths ot such IN pulses are in the order of

t nanoseconds. frequently, in order to evaluate the possible safety hatards to operating personnel
and tho general p;.,AlatInn In the vicinity of such detvices, the generated fields have been
compared to fi~lds emanating from lightning flashes, static discharges and power line rorona il1.
The inctden~t average power flux density of recurring 20 fields hat also been compared to the'
microwave safety standards of 10 mW/cm1 In order to show that the 20 power fl~Ax currently
generated by simuliators in orders of magnitude below that which would be a thermal threat to
man 12). Currently, the only guidelines available that are based on s~ibstantial scientific
justification pertaining to the exposure of man to CM or currents are the ANSI C95.1 Standard (3).
and th. guidelines pertaining to electrical ahock [4], 15).A

The ANIS Standard limits the incident power flux density to 10 uW/cm2 as averaged ovor any
six minute period and is based principally on the limitation of tissue heating to negligible
value% at microwave frequencies. The etlectrical shock criteria, on the other hand, limits the
current to levels that preveint various undesirable physiologica) effects relating to the
stimulation of excitable cells. For macroshock with a 1 second contact period with a 60 Ma source,
these levels are 1 ma for the threshold of perception, 3 ma for nemaxin harmless current Intensity,
10-20 ma for "let-go" current before sustained muscular contraction. 50 ma for pain, possible
fainting, and mechanical Injury, 100-300 ma for ventricular fibrillation, and M0 mas for sustained
myocardial contraction, followod by normal heart rhythm, temporary reapiratory paralysis, and burns.

If we limit the EMP exposure level by the ANSI Standard, we must statify the relation

r.

120w 1; Ie(t)1 2 dt c 1009 ji82  (1)

where r to the pulse rate with a value no loes than I pulse/6 minute period, and e~t) Is the
electric field strength of the Eff as expressed In the time dom.'in.

The EIP exposure level may also be limited by the maximum allowable current Induced In the
body. Since the Induced current to considerably different in character to that due to 60 Na shock.

arationnle io needed to extropolate the known results for the latter to the case of the extremely4
short pulse of current induced by au 3W sourcet. It has been shown that the minimum fibrillating
currents from a 60 Ka source may be expressed as I - k/tf en where k Is a constant and t is the
period of applied current (4]. This relation was tested for t as low as 0.01 seconds. or
approximately one-half cycle.

Past itudies and experimonts Indicate ventricular fibrillation is unlikely If the shock
current is less than

I *116/t% so (2)

This would also imply that

Us

would be safely below the thretshold of the "let-go" current. According to Schiinn (6). the
current density, J, In the tissues for producing ventricular f ibrillation is approximately I ma/Cm

mdthat orpsc mat of mecltable membrme is ia the order of 0.1 - 1.0 Waa/em, so



tot the threshold of tissue instractioa for 60it curret to.rlto o h tsltn

of exclitable membranes may be expressed as

whreJa1 the Stiwis-, .excitat ion Current den-ttt hef~ osato teCl ebae
and J t the peak stil.atton current Jomt (1) tenssme that t of h cur ell mensity aneit

by quati-n (3) fo aI vlor1120 *stands to the minimum excitation current and considera
tvwpkal ý -sbrano time constant of 10-J secondt we can combine Equations (4) and (5) to gtive

(10-3 wt - .t*1 (i0' 2 )tl ma/Cm2  (6)

Equation (6) say bte.xpressed In t.rma of the total charge density transfer in the time T as

where 3(t) is the current density to the ties domain.

3. FIELD COVIPLING EQUATIONS

tn genterl. the (time domain) electric !ield, 9(t), and magne.tic fi*lJ 1%(t). of the IM
consists of a nati ow pule* with a very rapid rise time, ta, Wu tnu order of S to 10 nanoseconds
and with a field impedance of 1201, ohms. The pulse width, to., may be defined In the ostadard
wavean

* (to) 0

lit order to develop insight on what the coupling of the D9P may be to biological tissues In
the body of man or smaller animaa,. we nay first make a rough approximation by considering its
coupling to an equivalent spherical mass of muscle-tyloe material previously analysed for exposure
to RIP plant waves by Lin, et al. (OV, and then extrapolate the results to the figure of an actual
man based nn absorbed power density patterns measured by thersiography. The totAl electric field
induced In the sphere, Et, by an incident plane wave with an electric field strength [I at an
nanuli'r frequency of WIs

t

where cr' ct-J--L is the complex dielectric connstant of the tissue, It is the propagation constant
for free apace, ct Is the relative dielectric constant of the tissue, a io tie electrical
conductivity of the tissue, and c, ist the permittivity of fre spac . lb. origin of the (R.Y.2)
and (g.O.#) coordinate systems corresponds to the center of the sphere with the direction of plane
wave propagation coincident with the a aisi, and the electric field coincident with the a axis.
The firpt term (a component of the above equation) may he Interpreted to he the uniform tield In
the sphere induced by the Incident electric field componient and the remanInng S and 0 toerm can
be interpreted to he that Induced by the Incident magnetic field component. The equation is
accurate for a 70 kg, 2S.6 cm radius sphere of muscle tissue up to 20 KNaIs n frequency an~d for
smaller spheroids aprroximating the head of man or .ma'l. animal bodies beyond 100 MaIe n frequency.
In the kF frequency range the value of dielectric constant is1 t significantly smaller than the
losi4 factor, so we stay *Ak* the approximation to j-U where c"l !. assumed to he conritant ,oer

'Ito
the frequency range of interest.

It then follows that for Incident CO transient fields from l11ghtning or other Impulsive
sources with rise times sufficiently long or with a frequency spectrum limited to a range where
the equations are valid, the (frequency domin) electric field Is (w) induced in a spherical body
of tissue is JEw)wF(m8# i Jt (10)

12c (,
where R(w) is the magnitude of the Incident field and

I(Rs,* * -s--R(cos * 4 coso sin* 6) (

The induce.; field es(t) may he expressed In time domain as

Thus, under the stated frequency restrictions, the field strength induced In the spherical
tissue model is directly proportional to the time rat* of change of incidenr field. It is also
clear that the major components of the Induced field are the A and ; toerm of ?(R,$,$) correspoed'.ng
to an Induced circulating eddy curritnt. This can he asee by noting that the a compontent

*2.6s a 10- ist an order of magnitude smaller than the maximum value (2.56 a 10-1) of the
induction field component for a typical tissue conductivity of at - 0.6 sbo/m and a radius
R - 25.6 cm for a 70 kgS sphere of muscle-type tissue. According to this arproximate aftalysis the
normalized field distribution induced in the sphere along the three major rectangular axe* is



Sshowm in tFig. I. The electric feli diastribution slong the y aini IN that due to the electrir
field -ouplinr, and th, otl.vr distributions along the v and a an.s are Inf!uenced gmeatly hV the
magnetiet liv induced waddv current vhirh Is proportiorhe with distence trom the V anki,

The instantaneous ahsorbod po%.vr denaitv in the .pherIcal tissue Muscle Is

II.
¶h* current density it

the absorbetd ehergy densitv 4%

W - t: Nt, (li)

and the transferriJ charRe densitv in tinm It

* - ,1(t) dt H ,O' (tadt ('f)

For comparison purposes. .i.nsider a trAnsient EM fit!d given by

-,t -6~t

which may be used to represent the IXP or lightning by appropriate choice of values of a end P.

For this caic the prise rise time in

the induced electric field in

the pulse width is
-it -Ptt

71j m- " (20)

the absorbed energy density is

W t Eal, lfo(.s) 12 (21))2 -- n ()2

itnd the transferred charge density in time T is

,•_ I ( o l l - t - t(22)

fhfreifo

E m " E , (e -e 1a (2 3 ) • _

is the peak incident field strength,

The above equations should provide rough estimates of the characteristi,-• of fields in? .ed
in the equivalent muscle sphere if w-0 or a ts sufficiently small for Equation (4) to be valid.

For the 25.6 cm sphere according to Lin, et al. (8). Equatitr- (4) in valid only to 20 MHz. The
calculated value it about 602 too high at 80 fHi and 802 too itilh at 100 Mot. For maller diameter
spheres corresponding to smaler animals or portions of the human body such as the head, the
equation should be valid well above 100 HRh.

Fig. I illustrates the induced electric field and energy d pnsity petterns in a sphere exposed
to an impulsive EM field where the spectrum is within the above limitations. Typical EIP and
lightning field coupling can be determined from the above equations by an appropriate choice of

% and S. Table I illustrate* computed characteristics restricted according to Equation (1) for
r - I, and values of a and B appropriate for simulating the various fields.

It should be pointed out from our previous discussion that the mipled internal field for the

SIP could be as high by as much as m factor of 2 and the .bsurbed power and energy density could
be as high by as much ap a factor of 4, as calculated by the above equations, since with
0 - 4.76 % 108, the upper end of the spectrum exceeds 0/2w z 80 Hzi. The results will show,

however, that the error it oi no consequence for the "ball park" estimates desired in this analysis.
The time dependence ot' the maximum coupled fields (periphery of sphere) due to fast rise and

slow rise tiee lightnirg fields is shown in Fig. 2 and that due to the typical beG is shown in
Fig. 3.
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The result* for a sphere may be extrapudatel to the case of a MRn exposed to the free field
of an DW f-vom the thersographic wameureiments described In another seution of this Letture
Series "Iftinefirig Consideratilons and Measurements" sect ion 0 (6). The results show that "taim.
obsorpt ion of a sphere is 0. 36 WAkS for a magnet ir f ield of I Atis at 24.1 NMa. This would
corrnspoed to 1.0% WV/kg for a sphere exposed to a plant wave with electric field strength of
1 Wem at 31 Msa. On the other hand, there would be a oaxim, absorbed power density of 11M Wke~
in a man exposed to the wam field.

Thus the saxils. absorbed power density is 128 times greater and the mails. current density
is 11.3 times greater for the man in the region of his legs. Thus we can incresse the parameaters
In Table I by these factors to est miat. the MIP coupling to man. The es~e factors would bk as
high as IS and 3.3, respectively, in other regionpt of the body such as the neck and the rib case.

C. RISCJS3I0N

by thie restrict ions of the ANSI safety guide as given by Equation (1). tabulated In 7able I
and illustrated In Figs. 1 and 1. relatively slou, rise time fields such as tiriginating from lightning
would be liesi' .; ,a produce less than 1 muu/cs 2 peak current densities In Pphorical tissue structure
while a relatively last rivnig field such as the PIP would produce nearly I amperes/cm 2 peak
current density in the tisawe, The pulse width has vary little to do with the maximum induc*4
current and the maxisium absorbed energy density. Figs. 2 and I and Table I clearly point out
that It io the rise time, te, of the field that is most important In terou of the magnitule ofI the induced current, peak absorbed power density, anC cthe envrgtý density deposition. There art
A. to 5 orders of magnitude greater f ield strength coupling. 8 to 10 orders of magnitude greeter

ok ,abvqrbed power desi~aty, and 4 to S orders of magnitude geneter peak absorbed energy density
~-the w.Aere exposed to the DIP than for eaponure to lightning fields. It is clear that the

orr.- ', the apiproximiato analysis is Inconaueqv ntial In toerm of usinn the r~esutv to Illustrate
!,, large dife'rence ~n couplino characteristics of the transient (Leld.

The first 7ow mf date in Table I ,rtespetnds to couplInst due to a typical fast rise and fall
t Lme VI? The AM! standard criteria would allow an Incident field strength of 510 kWin whitch
would induce a current of 7 amperes/cm2 In 3 apherical structure or HIo amperes/cm in an expoied

mn in free space. The peak ahiorbed power would be &s high as 7.6 mega~watts/kg in the sphere
or "71 lvegawattc/I& I.. man. Thoulth this seems unusually high, the brevf.ty of the pulse restricts
the total deposited otierity tn A mJ/kg for the exposed sphere, I oi ýi ;' !k for the legi', and '5S3 a-1/kt
f or the neck of an expome4 man. %ote that the absorbed energy levk-Is are above that reqidred to
produce the microwave auditorv effert (16 WAX)~j Jiscussed In this Lecture Series "mlicrowave
Induced Acojastic Effects in Masmalian Auditory Systems.' The total charge transfer during the
period corresponding to a meimbrane time constant is nil due to the biphasic property of the
Induced current. Thios we woold not expect eawbrones to be directly stimulated. However, If we
considor the F74P with a -ilow f.2ll time. with properties as lludLtatVd in the second row oi
Table 1, there would be it net chaige transfer of 9.47 % 10- coulombs/m2 fur the sphere avA
1.0!1 a 10-6 coulovibs/* 2 for amn since during the period corresponding to the m~obreno time' constant
the produced current to predominantly the same polarity. Note, however, for this cabie the Pulse
w.idth safety criteria would limit the incident field to 5.5 Ws/. The total chargle transfor
would be instfficient to produce excitation of action potentials. IFven If the man van exposed
to the maxima. incident field strength of 330 kW/e allowed by the ANSI safety. standard for a
pulae rate 4f no greater then I per 6 minute period, It appears that the Induced charge transfer
would be orders of magnitude below that necessary t-3 stimulate ac~tion potentials bapo-d on the
simple model.

The th-.rd and fourth rows of Table 1 give the coupling characteristics of E14 fisilds
produced by lightning. The Induced currents and abeorhed power densities are considerably
loes than inducad by the DIP due to the substantially greater rise times In the former.
Table I alto Illustrates the typical coupling charicteristics for microwave pulses to the
tissue sphere based on # single pulse per second restricted by Equation (1). The coupling may be
derived from an analysis by Johnson and Guy (9). Most of our experience with continuous human
exposure, however, has been limited to situations involving microwave p-ileas with recurrence rates
of many tent or hundreds of pulses per sacond with the average incident power density restricted
to 10 mV/cm' or loes. The coupling characteristics for this case are shown at the bottom of
Table 1. Note that the Induced current, absorbed power and absorbed energy densities are
substantially higher than values produred by the DIP.

The coupling equations and Fig. 1 Illustrate that much less coupling would occur in smaller
diameter tissue structures exposed to transient fields. The distributions in Fig. I may be
truncated to the appropriate radius to determine the reduction In coupling. For example, the
.a~iis coupled field would be 0.26 times loes and the maximumi energy absorption density would be
.07 times less for a 5 cw radius sphere representing a small animal.

COKCIS IONS

The above aculyeis shows that without considerable qualification, one should not depend
wholly on experience gained from the exposure of man to lightning fields or f roe smell anmimals
exposed to the DIP ields as a guide for establishing safety standards. Also, for impulsive fields
such as the SOI, more attention should be gIven to the rate of change of field rather than the
width or peak amplituda of the field In establishing safety standards. It appears unlikely that
action potentials can be excited In man exposed to plane wave type MIP fields.
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Figure 1 Approximate normalized electric field strength and energy density distribution

along major axes in 70 kg sphere of tissue exposed to EMP field.
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Figure 2 Lightning field coupling to exposed tissue sphere with field limited by equation (1).
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-! I



Protection Guides and Standards for Microwave Exposure

iL! by

So) M. Michaelson
University of Rochester

School of Medicine and Dentistry
Department of Radiation Biology and Biophysics

Rochester, New York 14642 U.S,A.

INTRODUCTION

Many of the electromagnetic energies at certain frequencies, power levels and exposure durations can
produce biological effects or injury depending on multiple physical and biological variables. Although
equipment which utilize or emit electromagnetic energy provide immeasurable benefits to mankind, they
may also constitute hazards to the individual through uncontrolled and excessive emissions. There is a
need to set limits on the amount of exposure to radiant energies individuals can accept with safety. S

Protection standards should be based on scientific evidence but quite often are the result of

empirical approaches to various problems reflecting current qualitative and quantitative knowledge. A
numerical value for a standard implies a knowledge of the effect produced at a given level of stress, and
that both effect and stress are measu.-able. One problem is the definition of what an "effect" is and
whether it can ultimately be shown to modify man's "way of life" or that of his offspring (I).

If there were a clear-cut relationship between exposure level and pathophysiologic effect, the problem
of setting standards would be great'y simplified. Not only are there numerous variables to be considered,
but it is often difficult or impossible to obtain the necessary data to draw valid conclusions concerning

effects of exposure to noxious agents.
In mrst biological processes, there is a certain range between those levels that produce ro effects

and those that produce detectable effects. A detectable effect is not necessarily one that is irreparable
or even a sign ttiat the threshold for damage has been reached. Ultimately, a clear differentiation has to
be made between biologic effects per se which do not result in short term or latent functional impairment
against which the body cannot maintain homeostasis and effectiveness, and 'njury which may impair normal
body activity.

Ir considering standards, it :s necessary to keep in mind the essential differences between a "personnel
exposure" standard and a "performance" standard for a piece of equipment. An exposure stiodard refers to
the maximum safe (incorporating a safety factor) level of power density and exposure time for the whole

body or any of its parts. This standard is a guide to people or how to limit exposure for Safety. An
emission standard (or performance standard) refers not to people but to equipment and specifies the maximum
lim;t of emission close to a device which ensures that likely human exp.'-sure will be at levels considerably
below personnel exposure limits.

To insure uniform and effective control of potential health hazards from microwave exposure, it is
recessary to establish uniform effect or threshold values. Ideally, effect or threshold values should be
predicated on firm human data. If such data are not available, however, extrapolation from well-designed,
adequately-performed and properly analyzed animal investigations is required.

EPIDEMIOLOGIC STUDIES AND CASE REPORTS
A number of retrospective studies have been done on human populations exposed to microwave energy.

These have been, for the most part, either radar cperators and repairmen or personnel involved in production
and testing of microwave equipment, primarily radar. The studies may be divided into essentially two
categiiriesz those seeking general effects, and those specifically seeking changes in the lens of the eye.

Daily (2) conduct.!d the first studies on United States Navy personne! who wert exposed over a period
of time in the operation and testing ,,f relatively low power radar. No evidence of radar-induced pathology
was found. Lidman and Cohn (3) examined the blood of 124 men who had been exposed to microwaves for
periods from two to 36 monthi. They concluded there vas no evidence of stimulation or depression of
erythropoiesis or leukocytopoiesis. A decade later, Barron, Love and Baraff (4, 5) reported on a large
group of radar workers who, along with a contr,, group, were put under a four-year surveillance program.
During this period, they underwent repeated physical, laboratory, and eye examinations. The examinations
failei to detect any signi'icant chaoges in the physical inventories of the subjects.

A paper by La Roche et al (6) of a study by Zaret reports "ophthalimic microwave injury" in 33
employees in an ,ir Force hase. It is imp',rtant to note that the authors themselves state, "...however,
since preemployment examinations do not normally include examination specifically for microwave injury,
there is either limited or no information available concering the prior condition of the lens." Also.
of these 33 individuals, only 4 were negative at the initial examination. One, therefore, has no means of
relating the results iof the examination to previous history. Most important, the authors state, "....it is
not certain if those persons showing evidence of microwave injury on first examination actually received
the exposure while working on the Air Force" base.

No cases of "microwave cataracts" have been described in the Polish literature (7). A higher
incidence of lenticular ,pacities was reported in groups with histories of uncontrolled exposure (8) and
may possibly be related to poorly controlled exposure conditions. It should be noted that published case
repirts if micrn•wave cataract in man have -ot been adequately subjected to editorial review and reported
in the ipen literature. E;ven the most quoted case reports of Hirsch and Parker (9) and Shimkovi'-h and
Shilyayev (10) have not established a cause and effect relationship. The validity of these claims has not
beer. accepted by most ophthalmologists and microwave bioeffects experts.

Epidemiol,.gic studies were initiated in the USSR in 1957 to determine the extent of the health hazards
for workers with exposure to RF or microwaves (11). Workers were examined after separetion into 3 groups,
according to exposure levels (12).

I. Periodic exposure to "high energy density" levels, i.e. 0.1-10 TW/cm
2 and higher beginning in

1953 (13);
2. Periudi, -pisure to "low energy density" levels, i.e. 0.01-0.1 mr/cm 2 ; these individuals commenced

work a.., 1960 when the Soviet standard was largely in force;
3. Systematic exposure to low energy density levels.
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The first group consisted of production, technical ma;ntemance and microwave equipment repair
personnel. Many of these were periodically exposed to near-zone fields. The second group consisted of
technical maintenance personnel as well as certain categories of personnel engaged in the use of microwave
apparatus, research workers and others. The third group cotsisted of personnel engaged In the use of
various microwave sources, mainly radar.

The clinical picture of the first two groups was characterized by the presence or absence of
"restorative" processes (13), and functional changes in the nervous system and cardlcvascular system.
individuals in the third group showed few changes which could be differentiated from those in the control
group and consequently could not be related to their microwave exposure (13).

In a study reported by Czerski and associates (7, 14) and Sleklerzynski at a) (IS) an analysis of the
incidence of disorders considered as contraindications for occupational micro;wve exposure amonj bIl males
aged 20 to 45 years and exposed occupationally to microwaves for various periods was made. The analysed
population was subdivided into two groups differing only in respect to microwave exposure - low, i.e. below
0.2 nm/cm2 and high, I.e. between 0.2 mWt/cm 2 and 6 MW/cm2. No dependence of the incidence of disorders to be
considered contraindications for occupational exposure could be demonstrated. The Incidence of lenticuler
opacities was compared between both these groups, a&. well as analysed within each group, subdivided
according to age or duration of occupational exposure. No dependence of the incidence of lenticular
opacit'es on .ie exposure level, nor on duration of occupational exposure was found. Significant correla-
tion with age was demonstrated. The in.idence of functional disturbances (neurotic syndrome, gastro-
intestinal tract disturbances, cardiovascular disturbances with abnormal ECG) was also analysed and no
dependence on the exposure level or duration of occupational exposure (years) could be demonstrated (7).

A very cogent analysis of the problems in occupational surveys has been made by Czerski and Sleklerrynski
(7) who noted that analysis of occupational exposure to microwave radiation is fraught with many difficulties,
the main being the assessment of the relationship between the microwave exposure levels and the health statt,s
of the exami.;ed groups of workers. The possible role of other environmental factors and of soclo-econom;'
conditions must be taken into account. As often happens in clinical work, it is difficult to demonstrate
a causal relationship between a disease and the influence of environmental factors, at least in individua.
cases. Large groups must be observed to obtain statistically significant elidemio iogical data. The
problem of adequate control groups is controversial and hinges mostly on wha. one considers "adequate."
In view of the lack of adequate instrumentation, especially of individual "dosimeters," the quantitation
of occupational exposure is extren.:ly doubtful. This is particularly true where personnel move around in
the course of their duties and are exposed to nonstatlonary fields (i.e., moving beams or antenna), as
well as to near- and far-fields at random. It is impossible to quantitate the exposure over a period of
several years within reasonable limits. Attempts to present detailed data as to the source of microwave
radiation, effective area of irradiation, position of the bodywithrespect to the field, etc. for an
individual worker for a period of -.everal years would be misleading to an extreme degree.
PERSONNEL EXPOSURE STANDARDS

Microwave exposure standards are generally based, with some variations, on those developed in the
U.S., USSR, Poland, and Czechoslovakia. The original U.S. standard was tentatively adopted about 20 years
ago on the basis of theoretical considerations by Schwan and his associates. This standard was based on
the "thermal load" that a standard (healthy) adult man could tolerate and dissipate under standard environ-
mental conditions withoit a.iy resulting rise ir, body temperature. This tolerance level was calculated to
be 10 mW/cm2 for continuous exposure. I,,tensive investigation was subsequently carried out oy the U.S.
Department of Defense into the biological effects of microwave radiation (16). None of these investigations
p.roduced any evidence for a biological effect at levels even approaching the theoretical limit of 10 mW/cm2,
and, indeed, no conclusive evidence was established for any effect below the level of 100 mW/cm2 that could
be considered hazardous for man (06).

The United States standard (ANSI C95.0) of 10 mW/cm 2 for radiofrequency exposure recommended in 1966
and reaffirmed in 1973 is at least a factor of ten below thresholds of damage by thermal effects, assuming
a long duration of exposure--i.e., one quarter hour or more. The 10 nW/cm2 level is based on thermal
equilibrium conditions for whole-body exposure. Foe normal environmental conditions and for incident
electromagnetic energy of frequencies from 10 MHz to 100 GHz, the radiatior protection guide is 10 mW/cmz,
and the equivalent free-space electric and magnetic field strengths are approximately 200 V/m RMS and
0.5 A/m RMS, respectively. For modulated fields, p'ýwer density and the squares of the field strengths
are averaged over any 0.1 hour period, i.e. none of the r !lowing levels should be exceeded as averaged
over Pny 0.1 hour period: Electric Field Strength Squared - 40,000 V2/m 2 ', 0.25 A2 /m2; Power Density -
10 mW/cm2 ; Energy Density - I nmh/cm2; this guide applies whether the radiation is CW or intermittent and
applies to the general public as well a5 workers.

The value of 10 mW/cm2 has been generally iccepted by industry and the armed services in the United
States and is considered to be the population standard. The British adoptel the 10 mW/cm2 level for the
general public as well as the military anc: industry after careful consideration by many government and
independent organizations (17). Sweden, in 1961, after an extensive review of all the information available,
recommended "the maximum permissible intensity (average irradiation) within areas where personnel are
occasionally to be found is 10 mW/cm2 for all occurring frequencies" (18). The Federal Republic of Germany,
France, and M.V. Phillips in the Netherlands hate also establIshed 10 mr/cm'ara maximum safe level (19, 20). I
The standards recommeiwnded in various countries are shown in Table I and figure I.

The ANSI C95.1 standard does not spacify an upper limit of allowable short-time exposure. It specifies
a safe value based on average dose for a period of 0.1 hour. According to this standard, no individual
should be exposed without good reason to a power density in excess of 10 mW/cm2 for a tirne period longer
than 6 minutes. On this basis, it permits cortinuous exposure to a level averaging 10 mu/cm'; momentary
levels in excess of this are allowable if the energy density does not exceed I mWh/cm'.

While the limit of 10 •W/cma served as a precical exposure level in the U.S. Department of Defense
for several years, it was felt that the duration of exposure was important and that higher levels could be
tolerated for shorter periods. A guide was developed, therefore, and published in 1965: Exposure of
personnel within a microwave field (300 to 300,000 MHz) is permitted only for a specified length of time
determined by the following equation: ST a 6000/X1

where Tp - permissible time of exposure in minutes during any 1-hour period, and X - power density (mW/cm')
in the area to be occupied. Because exposures of less than 2 minutes are operationally impractical, the
use of this formula for power densities above 55 NM/cml is contraindicated.
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TABLE I

Personnel Exposure Stindmrds. for Mizrowaves

Max i murl
Pe P rmi -,s i b Ie

Power Density Frequency Country ,r
(oW/lm" ) (Mn.) Spec i fi cations

to 10-100,000 u.s
ANSI I miWh/cnm' 24h

NIOSH 8 h workday

100-100,000 ACGIH 10 mnW/ciw I'TLV - h "
10-25 wW/cni' 10 nin/h
25 lW/li" - ceiling value

30G-300,000 Ary/Ai r Force 10-55 nWl/ci"
"lit) - 6000/ (muW/cm.)

300-300,000 Poland 0.2 mW/cm--10 mW/cm`
(8 h - 11.5 s) (sF),'

1.0 mW/cm2 "l0 mW/cml

(8 h - 4.8 min) (NSF)

USSR•' 15-20 min/day

0.1 Poland 0.2 mW/cm', 8 h (SF)
24 h (NSF)

USSR 2-3 h/day

0.025 Czechoslovakia 8 h (CW)

0.01 Poland 24 h (SF)

USSR B h

Czechoslovakia 8 h (pulsed)

'.Also with slight inn, ;fication - Canada. United Kingdom, Germsn Federal Republic,

Netherlands, France, Sweden.
-":SF - stationary field (hr - 32/W/m');NSF - nonstationary field (hr = 800/W/m

2
).

:eMPE x 10 for exposure to t:.ovable bean or antenna.

The Aomerican Conference of Governmental Industrial Hygienists (ACGIH) has published threshold limit
values (TLV) for the frequency ranqe of 1017. MHz to 100 GHz. The TLV for occupational microwave energy
exposure where pojwer densities are known and exposure time is controlled is as follows: I) For average
power n.sity, levels up to but not exceeding 10 mW/cm', total exposure time shall be limited to the
8-hour workday (continuous exposure); 2) For average power density levels from 10 mWlcm' up to but not
exceedirg 25 mW/cm

2
, total exposure time shall be limited to no mo•re than 10 minutes for any 60-minute

per iod during an 8-hour workday (intermittent exposure); 3) For average power density levels in excess
of 25 rmW/crl, exposure is not permissible (ceiling value).

In regard to performance standards, a product emission standard for microwave ovens has been established
in the U.S. This standard specifies a maximum level of 1 mW/cm" at 5 cm from the external surface of the
oven at manufacture and a maximum of 5 mW/cm2 at 5 cm from the external surface of the oven throughout the
life of the product.

In respect t,.. the ANSI C95.1 standard, results of more than two decades of laboratory and clinical
investigations indicate no alverse changes in the state of health of individuals, even after many years
of exposure to microwaves within the specified limits. Although we need more data re~ative to the total

energy that can be absorbed by man without adverse effect, analysis of the state of health of individuals
occupationally exposed for 15 to 20 years to microwave radiation levels ranging from several to more than
10 nW/cm

2 
indicates that additional precautions are unnecessary (16, 21).

Until recently, micr, wave personnel exposure standards for most of the Eastern European countries have
been based, with minor variations, on limits established by the USSR. These limits, promulgated in 1959
by the USSR Ministry of Health, specify maximum safe exposure for an unli'iited period of time at 0.01 mW/cm

2

(10 pW/cm
2

); 0.1 MW/cm2 
(100 ý,W/lcmt) exposure iS permitted for a period of 2 hours in a 24-hour period;

up to I mW/cm2 for 20 minutes In a 24-h:)ur period. Permissible exposure is ten times as great for radiation
emanating from equipment with a movable beam or antenna (22). In addition, levels of exposure differing by
an order of magnitude are permissible because of possible field gradients and limits of accuracy of
measuring instruments(12). The USSR has also adopted a maximum electrical field intensity level for electro-
magnetic radiation of frequencies below the microwave band.

It is of interest that the Soviets do not consider microwave cataractogenesis of any serious consequence
at low exposure levels. The Soviet experience in the area of microwave bioeffects has been summarized in
a book from the Academy of Medical Sciences of the USSR edited by Petrov (22).

A search of the Soviet literature fails to reveal substantiation for limiting exposure time to 2 hours
or 20 minutes in a 24-hour period to levels of I00 and 1000 PW/cm

2 , respectively Petrov and Subbota (23)
suggest the basis for the Soviet standard Is the reports noting that some disturbances occur in exoerimental
animals at exposure levels in the vicinity of I mW/cm2. Taking this value as a limiting value and considering
a full workday as rounded off to 10 hours they arrived at a permissible exposure level of 0.1 mW/cm2 .
Introducing an additional safety factor of 10, they come up with a level (of 0.01 mW/cm2 (10 PW/cr.12 ). In
general it would appear that the values obtained in this manner from experimental studies indicate a large

A
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safety factor and can be applied to the general population, but it seems that these values are too conser-
vative for personnel subjected to periodic medical examination such as In the industrial setting (21).

In 1972, Poland departed from the Soviet standard on the basis of an extensive study, over a 15-year
period, of a large number of civilian and military personnel occupetionally exposed to various levels of
microwaves from I to more than 15 years. During this study no Instances of irreversible damage or dis-
turbances caused by exposure to microwave radiation were encouwtered. Any disturbances asd deviations
from normal were tho.e of a functional nature. Medical examinations conducted several months after removal
from occupational exposure to microwave radiation indicated a reversal of disturbances. A group of
selected subjects, who were examined in -detail duritg a 5-year period of observation, were found to be
healthy even in Instances where permissible radiation levels were exceeded (21).

Under the new Polish standard (figure I) the Poles differentiate bttwmee stationary fields, continuous
irradiation it a given point, such as a work station or personnel position, and interrupted irradiation at
such a point, designated as nonýtationary fields. On the basis of these principles, they have differentiated
safe, intermediate, warning, and danger zones, where the boundaries of the Individual zones are determined
by measuring average energy levels in the bands from 300 to 300,000 I""z in watts per square meter.

The following zone boundaries are proposed for stetionary fields:
I. Safe zone - the highest level of energy shall not exceed 0.i W/in' (0.01 mu/cml).
2. Intermediate zone - the boundary values of radiation level shall be 0.1 W/m'(O.OI MW/cm') at the

lover boundary and 2 W/m2 (0.2 nmW/cma) &- the upper boundary.
3. Warning zone - the lower and upwer boundary levels shall be 2 W/ma (0.2 mW/cml) and 100 Wmi

(10 mmlcma).
The following levels are proposed for nonstationary fields:
I. Safe zone - the maximum permissible level shall not exceed I W/m2 (0.1 ,,U/cma).
2. Intermediote zone between I W/m2 and 10 W/m• (0,1 mW/cma t., I mW/cma).
3. Warning zone - between 10 Wlm 2 and IvO W/m2 (I mW/cm1 to 10 nMW/cm).
4. Danger zone - energy levels greater than 100 W/m2 (10 mW/cml).
Permissible time for a worker in a danger zone is determined by the formula;

Stationary field t - 32/p'

Nonstati'nary field t - 800/p 2

where t - time in hours, and p - average radiation level in watts per square meter.

CONCLUSION

The development of adequate and operable standards requires comprehensive evaluation of Information
obtained from animal experiments and surveys of :ndividuals exposed occupationally. The criteria to be
used In evaluating experimental results of microwave exposure aid the interacting variables in such assess-
ment requires the exercise of informed judgement. Since there are variations in the criteria used in many
countries, these have to be understood and evaluated.

Guides and exposure levels in force tuday appear to be entirely safe. So far, there is no documented
evidence of injury to military or industrial personnel or the general public from the operation and
maintenat,.e of raiders and other RF and microwave emitting sources within the IC' mW/cm' limit of exposure.

There. is no evidence of hazard to man from RF and microwaves under normal conditions of operation and
exposure. Nevertheless, concern has been aroused about the safety of personnel in intense RF fields close
to transmitting antennas operating in the frequency bands beluw 30 MHz. Suvh environments are in general
of a near-field type which precludes the measurement of power flux. Since hazard evaluation in this
frequency range is a function of measurement in the near-field, attention should be paid to the probles
inherent in such measurement.

The divergences between US and East European standards are, to a great degree, due to differences in
basic philosophy -- differences which appear in industrial hygiene and basic scientific research. The
standard used in the US and most other cuuntrtes is, as already noted, based on the amount of exogenous
heat which the body could tolerate and dissipat." without any resulting rise in body temperature. This
tolerarce level was calculated to be 10 mW/cm2 for continuous expo.ure. In contrast with US standards,
the USSR maximum permissible exposure. are based on "asthenia" syndromes reported by workers in the micro-
wave field.

There is no evidence In western world scientific literature that the present US standard of 10 Mnl/cma
represents a hazardous exposure level. If the 'meneral philosophy of industrial hygiene in the United
States is considered, that for every "toxic substance" there exists a concentration or level below Which
no injurioui effects will result and that not ali "effects" represent "hazards," this position becomes even
more sound.

According to Magnuson at a] (24), the industrial hygiene philoscphy of the USSR basically consists
of: 1) The maximum exposure is defined as that level at which daily work In that environment will not
result in any deviation in the normal state as well as not result in disease. 2) Standards are based
entirely on presence or absence of biological effects without regard to the feasibility of reaching such
levels in p.'actice. 3) The values are maximum exposures rather than time-weighted averages. 4) Regard-
less of the value set, the optimum value and goal is zero. Maximum permissible exposure (MPE) values are
not rigid ceilings but, in fact, excursions above these values "within reasonable limits" are permitted
and the maximum permissibles represent desirable values for which to strive rather than absolute values to
be used in practice. In view of the basic differences In industrial hygiene philosophy, it does not
appear that the standards used in the US and USSR are as Irreconcilabl-i as would appear.

Well designed and appropriately controlled epidemiologic and clinical investigations of groups of
workers and others exposed to microwaves shoull be fostered. Studies of workers and individuals exposed
to microwaves or RF along with appropriate control groups, should include a thorough analysis of the
exposure environment, including average power density, peak power density, frequency, and pulse repetition
rate. it should be noted that epidemiological studies have in the past attempted to show effects but
without clear indication of actual power levels and duration of microwave exposure. This has resulted In
widespread uncertainty and confusion concerning the safe RF and microwave exposure levels for humans.

Epidemlologic surveys based on prospective study and analysis of exposed human populations balanced
by appropriately matched controls should use a well designed comprehensive standardized protocol using the
most modern analytical tools and computer-based statistical techniques. Date on groups of exposed persons,
for whom sufficient physical information on the exposure level Is available, such as in therapeutic use of
microwave diathermy, should be collected to provide a basis for future epidemiological and other studies.
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breakdown In areas in which relatively little blood circulates (Contract NASw-2036)
the temperature rises considerably (since there is little meran, (NASA-TT-F-708)
for the interchange of heat), and tissue damage is more likel, The affect of the microwave field on the organism were
to occur studied The biological bases of the action of microwavo

electromagnetic radiation on the organism are considered with
75-0O0,4 Rochester Univ. N Y experimental material on the influence of high and low microwave
HUMAN EXPOSURE TO NONIONIZING RADIANT ENERGY. intensities on the animal organism, characterizing the functional
POTENTIAL HAZARDS AND SAFETY STANDARDS changes of the organism's basic systems and its metabolism
S M Michaeelon Apr 1972 I p Repr from IEEE l'n'it Elec Damage due to microwaves combined with other factors and
Electron Eng . v 60. spr 1972 p 389-421 Sponsored by changes in the orgenism's immunological reactivity, the properties
AEC of bl.,teria. viruses, and simple animals were discussed The

The pathophysiology is discussed of exposure to ultraviolet, influence of microwaves on the human organism and data
F infrared coherent electromagnetic (laser). microwave. and acquired as a result of observations on volunteers as to the

radio-frequency radiation dioomedical aspects of exposure are influence of low microwave irtensities on the healthy human
considered along with rh, organs most susceptible to damage organism are studied along with the symptometology. stages.
and the human tolerance threshold for radiation Protection reversibility of changes, and a classification for the pathological
guidelines established for the different types of radiation are processes that arise under the influence of miLrowaves in persons
summarized along with difficulties in formulating then working with microwave generators.

75-00035 Rochester Univ . N Y 75-00041
CUTANEOUS PERCEPTION OF MICROWAVES PROCEEDINGS OF THE FOURTH ANNUAL TRI-SERVICE
S M Michaelson Jun 1972 1 p Rept from J of Microwave CONFERENCE ON THE BIOLOGICAL EFFECTS OF
Power (Canada). v 7. Jun 1972 p 67-73 Sponsored by AEC MICROWAVE RADIATION

Results of studies indicate that when a 40 sq cm area of M F. Peyton. ad. 1961 1 p
the face is exposed to microwaves, thermal sensation can be (RADC-TR.60- 180)
elicited within 1 sec at power densities of 21 mW/sq cm for The biological effects of microwave radiation on human
10000 MHz, uid 58 6 mW/sq cm :or 3000 MH,-. Within 4 prthology, metabolism, development, neurology and the
sec. the thresholl is lowered by approximately 50% Thresholds biomedical aspects of microwave radiation are discussed in various
for pain reaction of the inner fu.rearm were also studied The papers Major areas included are the following the radpoirequiency
data indicate that microwave senselion may provide a protection environment, microwave instrumentation for the measurement
factor against exposure to microwaves at levels that could be of biological effects, generation and detection of pulsed X-rays
injurious from microwave sources: engineering aspects of microwave

radiation hazards, development of a garment for protection of

75-00036 personnel: and thermal effects of high-frequency fields.

SOVIET VIEWS ON THE BIOLOGICAL EFFECTS OF
MICROWAVES: AN ANALYSIS 75-00042
5 M Michaelson and C H Dodge Jul 1971 1 p Repr ELECTROMAGNETIC FIELDS AND LIFE
from Eng Health Phys. v 2 1. Jul 1971 p 108-111 A. S PresTrian Plenum. New York 1970 ! p Transl into

ENGLISH .rom the Russian
76-00037
SOME TECHNICAL ASPECTS OF MICROWAVE RADIATION 75-00043
HAZARDS RESULTS OF BIOPHYSICAL RESEARCH CN SEPARATE
W W Mumford 1961 1 p Rep, from Proc IRE. v 49. PRESENTATIONS. VOLUME 1: ULTRASHORT WAVES
1961 p 427-447 ERGEINISSE DER SIOPHYSIKALISCHEN FORSCHUNG IN

The pote!tial hazards of microwave powet io ran its discussed EINZELDARSTELLUNGEN. VOLUME 1:
along with adopted safety measures Research work which has ULTRAKUR-WELLENJ
influenced the estahlishment of criteria for safe and potentially B Rajewsky. ed Georg Thieme. Leipzig 1938 1 p In
hazardous environments for human beings is reviewed The GERMAN
currently adopted safety limits are described and a recommended
method of calculating power densities is derived. Commercially 75-00044
available power density meters are mentioned and their method SHOR( WAVE THERAPY: THE MEDICAL USES OF
of operation is described along with their use in surveying a ELECTRICAL HIGH FREQUENCIES
site The shielding effect of wire mesh fences is presented in a E Schliephake Actinic Press Ltd.. London 1935 1 p
monograph

75-00038 RAC.'ATION BIOLOGY. MEDICAL APPLICATIONS AND
RADIO FREQUENCIES AND MICROWAVES. MAGNETIC RADIATION HAZARDS
AND ELECTRICAL FIELDS H. P Schwan 1968 1 p refs Repr. from Microwave Powei
Yu I Novitskiy. Z V Gordon. A S Presman. and Yu A Kholodov Engr., v 2. 1968 p 215-234
Washington NASA 1971 1 p The biological effects of microwave radiation on human tissues
JNASA-TT-F- 14021) are reviewed Medical applications in diathermy and diagnostic

instruments are described. Hazards to man. especially the eyes,
of exposure to strong sources of electromagnetic radiation are

75.00O(k discussed

BIOPHYSICAL FOUNDATIONS OF THE THERAPEUTIC
ASPECIS OF HIGH FREQUENCY ELECTRICAL FIELDS 75-0004E
J Paetzold and H. B Schaefer 1948 1 p Repr from Nat. INTERACTION OF MICROWAVE AM'D RADIO FREQUENCY
Sci Mad in Germany. 1934.1946, Vol 22. Biophys 2. RADIATION WITH BIOLOGICAL SYSTEMS
Wiesbaden. 1948 p 17-19 H P Schwan 1971 2 p refs Repr from IEEE (Inst Elec

Electron Eng.). Trans. v MTT-19. no 2, 1971 p 146-152
75-00040 Scripta Technica. Inc. Washington. D C A survey of thermal and nonthermal effects of microwave
INFLUENCE OF MICROWAVE RADIATION ON THE and radio frequency radiation is presented with recommendations
ORGANISM OF MAN AND ANIMALS for future work Equations are presented which state dielectric
I R Petrov. ed Feb. 1972 1 p Transl into ENGLISH of the constant and conductivity for tissues of high water content as
book "VIyaniye Svch lzlucheniya na Organrzm Cheloveka i functions of macromolecular content and frequency Nonthermal
Zhivotnykh'" Leningrad. Meditsina Press. 1970 principles which explain many previous observations are largely
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due to ftlC-induced forces are discussed Such effects occur in radiation. The actual temperature curve. also the combined effects
the human body only at field-strength levels which are that- of primary heat development and heat fow are more important
mreally dangerous. It is concluded that. (1) field-force effects cannot then the mechanism of absorption. A complete knowledge can
be enhanced by use of pulsed fields; (21 nerve membranes cannot be ascertaineod of actuel temperature distributions only in animal
be directly stimulated by microwave fields, 13) macromolecular experiments Extrapolation of this information to the human body
resonances are not excited in body fluids and tissues A guideline is difficult because the amount of heat which can be absorbed
'or future standard work in complex fields is proposed It is by any body depends on the volume and surface of the irradiated
based on the concept of a tolerance current density, body. Here knowledge of the findamentsls of the absorption

mechanism is most helpful. It permits a prediction of how much

"lI-00047 Pennsylvania Univ, Philadelphia radiant energy will be absorbed in the body; how far it penetrates;
MICROWAVfE RADIATrION: BIOPHYSICAL CONSIIA- end the kind of tissue which will experience special heat

MICRWAV RADATIN: IOPHSICL COSIDRA-development
TIONS AND STANDARDS CRITERIA
H P Schwan Jul 1972 1 p Repr from IEEE rinst Elec
Electron Eng). Trans Boo-Med Eng. v BME-19, Jul 1972 p 75.0060 Bureau of Radiological Health, Rockville, Md
304-312 REGULATIONS, STANDARDS, AND GUIDES FOR
(NIH-5.R01-HE-01253) MICROWAVES. ULTRAVIOLET RADIATION, AND

The established physical principles oellating to thermal and RADIATION FROM LASRPS AND TELEVISION RECEIVERS:
nonthermal effects of microwave radiation are discussed AN ANNOTATED SIIUOGRAP"Y
together with the effens of continuous and pulsed radiation L. R. Seiter. 0 R Snavely. D L Solem, and R. F. VanWye
Certain considerations indicate that present guidelines for safe Apr. 1969 1 p
exposure to microwaves are conservative There should be no lPubl-999-RH-35)

neeo to lower the value of 10 mW/sq cm currently being used The bibliography was prepared by the Standards Services
for safe long-term exposure in distance fields of antennas Branch, Office of Criteria and itandardcs, in cooperation with

Approaches for extending standards to the case of complex field the Electronics Products Radiation Laboratory Inow the Division

configurations are also discussed along with a guide number of of Electronic Products). Bureau of Radiological Health. Copies

safe tissue-current densities for the total frequency range are available for distribution to organizations and individuals who
need this information. The project is a part of the Bureau of
Radiological Health's program to assist organizations and

76-0001 mindividuals who are responsible for protecting the public against
HAZARDS DUE TO TOTAL BODY IRRADIATION MY the harmful effects of excessive radiation. The 1967 Congressional
RA SA w Hearings on the control of radiation from electronic products
H P Schwan and K Li Nov 1956 2 p refs Repr from have made clear the need to organize the information on existing
Proc IRE, v 44. Nov 1956 p at 1cw ltan81 regulations. standards, and guides developed by Federal. state,

Experimental work by others at 10 cm wavelength has shown and municipal governments, military organizations and
that irreversible damage to the eye is caused by electiomagnetic nongovernmental organizations This annotated bibliography ws
radiation, if the energy flux ir in excess of about 02 watt/sq prepared in a form which aids in the comparison of existing or
cm Intolerable temperature rise. due to total body irradiation proposed regulations. standards, and guides for further evaluation
may be anticipated for flux values in excess of 002 watts/sq with respect to adequacy of health protection and control. with
cm Hence a discussion pl ;lzairds due to total body irradiation consideration given to the economic and technologic factors

is of primary interest This paper presents dera which analyze
the mode of propagation of electromagnetic radiation into the
human body and resultant heat development Thu two quantities 76-00061

which are considered in detail are (1) coefficient, which HEARING SENSATIONS IN ELECTRIC FIELDS

characterizes the percentage of airborne electromagnetic energy H C Sommer and H E vonGierhe 1964 1 p refs Repr
as absorbed by the body. (2) distribution of heat sources in from Aerospace Med.. v 35. 1964 p 834-839

skin subcutaneous fat. and deeper situated tisues Conclusions Electrophonic hearing. stimulated by an audio-frequency

of practical value are if) Since sensory elements are located current passed through different types of electrode systems

primarily in the skin. low-frequency radiition (t less than 1000 mc) attached to venous areas of the head and body. was previously
is much more dangerous than high-frequency radiation (2) investigated More recently, human auditory system response to

Radiation of very high frequency (f griater than 3000 mc) causes modulated elhctromagnetic energy was reported. The experiments

only superficial heating with much the same effects as infrared to be discussed in this paper were designed to study the hearing

and sunlight The sensory reaction of the skin should provide phenomena in electrostatic fields when the whole head or parts

adequate warning of its surface are exposed to an alternating electrostatic field of
audio-frequency with and without a superimposed DC field The
threshol, data obtained suggest there is no other auditory

76-0004 stimulation excepting mechanical tissue excitation by the

THE ABSORPTION OF ELECTROMAGNETIC ENERGY IN electrostatic forces connected with such fields Calculated

BODY TISSUES threshold data for stimulation by amplitude modulated RF fieids.

H P Schwan and G M Piersol Dec 1954 1 p Repr from assuming the same electromechanical exctation of normal bone

Am J Phys Med. v 33. Dec 1954 p 371 404 and air conduction hearing. are presented and compared to tWe

Effects on biological material can be placed in three hearing phenomena in such fields reported by others
categories (1) thermal. (2) specific thermal. and (3) nonthl-rinal Electromechanical field forces must be considered as primary

Volume heatinq is discussed as the general heating which any causes for the hearing sensations observed with various types
type of r:onductor or semiconductor, such as tssue, may receive of electrophonic stimulations Theoretical considerations and
under the influence of electrical currents or waves Specific thermal existing experimental data make it most likely that these forces
effects (structural heating) exist when boundaries between account for all reports whore the hearing of pure or distorted
different types of tissues or particles can be sele'ctively heated tones (rather than indiscriminate noise) was involved. There is

without substantial heating of the surrounding moternal Those no evidence of any direct perception of electrical audio signals

effects which cannot be explained on a thermal basis are classified which would not go via electromechanically induced vibrations

as nonthermal Energy absorption leads to the development of in tissue and normal reception in the cochlea. Electrostatic

heat. This is defined as 'primary heat developed in the irradiated excitation of vibrations in tissue appears as a useful new research

body Primary heating produces temperature differences between tool for specialized psychophysiological experimentation on the

various tissues and even differences within homogeneous material auditory or vibrotactls system.
The biophysicist and the physioiogist work together and study
actual heat distribution and associated phenomenon, such as 75-0005
blood flow. The clinician records the final results All three groups PATHOLOGICAL EFFECTR OF RADIO WAVES
cooperate to obtain a complete, clear picture of the effects of M S. Tolgskaia and Z V. Gordon 1973 1 p Transl. into

S. . .. ... . .. .
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ENGLISH of the book "Mofoziruilogicheskie lemeneniua pri lesiow wehere severe and persisting persporbeta edema appeals to
Derstvii Elelitromagnitniohh Voln Radiichastot Moscow. be a precursor of cataract formation
Irdsatelstvo Meditsina Press. 1971 143 p

Morphological and physiological studies of the irreersimble
effects ot radio waves on a total of 646 rabbits, rats and mice.
covering chrwoe and acute exposures at 500 k~lz to 1 15 MI~t.
1436. 637. 155 and 191 MM,. lasting from several miunuters

to 15 months were conducted The functional end morphological
changes produced by exposures of various lengths end intensities
in the cariovascular and nervous syatems, myocerdlum.
reproductive orgns. biochemistry. blood, eye. weight, cerebrum.
cortex, spinal cord, skin aond neurons are discussed Exposures
in the centimeter wavelength range tended to affect the nervous
fibers of the skin, internal organs and corticall neurons while
exposures in the decimeter tange showed no effect on the nervous
activity of the skin The monograph is intended for scientists

BIOLOGIC EFFECTS OF 111O111011111111 RADIATION
PE Tyler.ad. 20 Fdb 1975 1 p ffepr from Ann N.Y
Acs. Sci. v 247. 23 Feb 1975

OUANTIV11UYI11 HAZARDOUS EILKCTIRIII ASMNTIC FIELDS:
SCIENSTIFIC BSAIS AND PRACTICAL CONSIDERATIONS
PPF Wacker and AfR Bowman 1971 1 p riot Floor. from
IEEE (Inst Elec. Electron Eng.). Trans.. v MTT-19. no, 2. 1971
p 1761-187

The tomplications and problems of quantifying heazrdous
EM fields involving source-subject coupling, reactive netar-field

Itcomponents. multipath components. and arbitrary polarization
are exaemined General discussion of dosimetrtc measurements
and lazard survey measurements is given, and also some basic
cons derations for the design of field probes for these

metisurerrents Reommmendations are given for suitable
pd?.Jmotars for quantifying complicated EM fields, and essential
and desirable characteristics for hazard survey meters are
stated Several recently designed hazard survey probes are cap&abl
of measuring these recommended parameters in many complicated
fields of interest. and improved instruments are anticipated

BIOLOGIC EFFECT$ STUDIES ON MICROWAVE
RADATIN IME AND POWER THRESHOLD$ FOR

D B Williams. J P Monahan. W J. Nicholson. and J J Aldrich
1055 2 p refs Repor from Amer Mod Ass Arch Ophthalmo.
v 54. 1955 p 863-874

Opacities can be produced in the eyes of anesthetized
rabbits by single exposures to 12 3 cm miciowaves Time and
power requirements for experimental opacity formation ranges
between 5 minutes. at 0 59 watt/sq cm.. and 90 minutes. at
O 29 watt /sq cm The power densities of this threshold correspond
to a thermal flux of 8 4 to 4 1 cal/sq cm/mmn The trend of
the threshold beyond 90 minutcs, is bracketed between 0 22
and 0 12 watt/sq cm for 4 5 hours of sustained irradiation
The failure of the protracted period of exposure at 0 1 2 watt /sq
cm to cause any discernible effect suggests the Proximity Of a
power density below which opacity production by this method
is not practical. As nearly as can be detarmineuI by
ophthalmoscopic examination, all opacities ari, formed ir- the
posterior lens segment and in some respects resemble le'tons
produced by certain ionizing irradiations The quantity nf 12 3 cmn
radiation reflected and transmitted by the eye is unknown, but
sufficient energy is absorbed to produce temperatures of 49 to
53 C at the site of the lons which later becomes cataractous
A latent period of 1 to 14 days elapses before the onset of
discernible opacities. The lesions, in order of incovasing severity.
are classified according to appearance as minimal, circumscribed.
dnd diffuse Minimal lesions may not be detrimental to sight.
but the last two types interfere withi vision Other ocular effects
pre observed but, for the most part, appear less significant than
lane injury Secondary effects are nut consistently reated to the
developmerit of lens damage except in rnome cases of the diffuse



Section 2.
MICROWAVES: General References

,G-g produce specific transient brim rhythms following periordi (ievery

iuPICT OF MICROWAVES ON THE REACTIONS Of THE 30 s) presentations of a light flash stimulus The levels of

WvHIT SLOOD CLLg IYTITEM performance were astablished (visual and spectral anelysis)

S larenski 1972 1 p Rapt from Acta Physiologica Polonica during conditioning and extinction schedules for a series of cats

v 23. 1972 p 685 695 submitted to VHF fields AM at the dominant frequencies of the
selected transient patterns and for a control group, in the absence
of fields The irradiated animals differed markedly from the control
group in the rate of performance, accuracy (in terms of frequency

76-00007 bandwidth) of the reinforced patterns and resistance to extinction

EFFECT Of CHRONIC MICROWAVE IRRADIATION ON THE (minmum of SO days vs 10 days) The specificity of thw frequency

BLOOD FORMING SYSTEM OF GUINEA PIGS AND of the modulation was tested on another group of untrained

RABBITS animals where spontaneous transient patterns were used to trigger

S Saranski 1971 1 p Rcor from Aerospace Med v 42. for short epochs (20 s following every burst) the VHF field&
1971 p 1196 1199 AM at various freqiiencies The fields were acting as reinfocers

One hundred guinea pigs and 100 rabbits were irradiated (increasing the rate of occurrence of thw spontaneous rhythms)

in an anechoic room with continuous or pulsed microwaves in only when modulated at frequencies close to the biologically

the 10,-m wave band at 3 5 mWicm p,)wer density for 3 months, dominant frequency of the selected intrinsic EEG rhythmit

3 his.daily Peripheral blood bone marrow lymph nodes and episode% Interaction routes between external fields and CNS

spleen were exarmind Increases ii absolute lymphocyte counts are discussed Perhaps AM VHF fields influence heuronal

in peripheral blood abnormalities in nuclear structure and mitosis membrane eairtability

in the erythioblastic cell series in the bone marrow and in
lvmphoid cells in lymph nodes and spleen were observed These
changes ate a ctimulative result of repeated irradiations The THE EFFECT OF 10-CENTIMETER AND ULTRASHORT
underlying mechanism seems difficult to explain ii terms of WAVES ON THE REPRODUCTIVE FUNCTION OF FEMALE
thermal effects Extrathermal complex interactions seem to be MICE
more piobable A N Sereanitskaya 1968 1 p Repr from Gig Tr. i Prof

Zabolev 'USSFri. no 9. 1968 p 33-37
76-00068 C, . irradiation of ferale mice with 10 cm waves of

ELICTROENCEPHALOGRAPHICAL AND 10m n intensity was found to bring about certain changes
MORPHOLOGICAL INVESTIGATION UPON THE in the .;uurse of estrus cycle finding their expression in an increased

INFLUENCE OF MICROWAVES ON THE CENTRAL duration of normal cycle at the expense of prolonged diestrus
NERVOUS SYSTEM and meteestrus stages A partial sterility of irradiated females
S Baranski and Z Edelwesn 1967 1 p Rept from Acta was observed The progeny of female mice irradiated prior to
Ph.,siol Pat (Polandl. no 18. 1967 p 517.532 conception. and especially before and during gestation proved

to be defective with instances of stillbirth and a considerable
75-01 I proportion of postnatal lethality The offsprings of irradiated
MICROWAVE EFFECTS ON MITOSIS IN VIVO AND AND females showed retarded weight and body size gain as against
IN VITRO controls and developed at a slower rate

S Pmranski. P Czerski. and S Simignelski 1969 1 p Repr
f,.m Genetica Poloncs. v 10 1969 p 3 4 78-00063 lIT Research Inst, Chicago. Ill

SUSCEPTIBILITY OF CARDIAC PACEMAKERS TO ELF

MAGNETIC FIELDS (METHOD AND CRITERION FOR
76-00060 EVALUATING ELF MAGNETIC FIELD INTERFERENCE

INVESTIGATIONS OF THE BEHAVIOR OF CORPUSCULAR EFFECTS ON CARDIAC PACEMAKER FUNCTION)

BLOOD CONSTITUENTS IN PERSONS EXPOSED TO J E Bridges. E E Brueschke. M. P Kaye. D A. Miller. and C

MICROWAVES D Port Apr 1971 1 p

S Baranski and P Czerskli 1966 1 p Repr from Lek Woisk (Contract N00039-71-C-0111)

v 42. 1966 p 903 909 lAD 737237. IITRI-E6185 1)
In the report it was concluded that the rxtremely ;ow fequency

75-000$1 California Univ. Los Angeles (ELF) magnetic field levels which interfere with the operation or

EFFECTS OF MODULATED VERY HIGH FREOUENCY cardiac pacemakers are much greater than those expected from

FIELDS ON SPECIFIC BRAIN RHYTHMS IN CATS a conceptual defense SANGUINE communication system This

S M Bawin R J Gavalas Medici and W R Adey 1973 conclusion was based on an experimental program in which the

1 p Repr from 8rain Res (Amsterdaml) v 58. no 2. 1973 effect of extremely low frequency 100-100 Hz) magnetic fields

p 365 384 on cardiac pacemakers was studied. Objectives of the program

The effects of exposures to low intensity less than were to determine a safe level (threshold) for a magnetic field

I mW 'sq cmi. very high frequency (VHF) (147MHz) electrical in this frequency range and to establish a method and criterion

fields, amplitude modulatel I AM I at biological frequencies for vvaluating the interference effects Examples of electromagnetic
(1 25 Hl). were studied on untrafned and conditioned chronicalh, felds affecting implanted heart pacemakers are presented

,mplanted cats The fields wern r'p.,ied between 2 Al plates
identical voltages. 180 dg phsse shift) firrmly anchored to the 75-00S4

floor of an isolation booth. especially designed for use of VHF BIOLOGICAL EFFECTS OF MICROWAVE AND RADIO

fields The animals were restrained in a hammock, the longitudinal FREQUENCY RADIATION

axis of the body kept parallel to the field plates EEG and EOG S F Cleary Jun 1970 1 p refs Repr from Critical Rev

[ electro oculograms I were recorded through a system of low Environ Control. v 1. Jun 1970 p 257-306

pass filters on a Model 6 Grass EEG and an Amp-.' FR 1100 A comprehensive up-to-date survey of all aspects of the
*ape recorder, behavor was contnuously observed through a interaction of microwaves and r f with biological systems is

clossed circuit TV A series of animals was operantly trained to presented Mechanisms of inte.,rions are given, together with



detailed treviesirs of specific efftecs such as thermal. lenticular. a atheri rlimote possibiflty of an occasional injury, diu to
testucular and genetic damae" A section is devoted to the overexposure of personnel It is to be noted that the radio Ifequency
mearxuieilents of power levels one. to standard fat human energy of radar is not different froin that of other high frequancy
exposure radio ow dhathtwrmy units of an equivalent overage power

CONSIDERATIONS ON THE EVALUATION OF 'THE EVlALMATI11111111 OF THVI O FUNCTIOm N Oil0RSO1111111
111110OlO CAil EFFECTS 00 EXPOSURE TO MICCROWAVE OCCUPATIONALLY EXP11111144 TO NIhC0 OWAVE
RADIATION RADIATION
S F Cleary Feb 1210 1 p rtof Repr from Am Ind Hyg Rt Detrisievics. R Otiuk. and M Sraliaettnilki 1970 1 p Reor
Assoc J1 v 31 na 1. Jan Fist 1970 p 52 59 froin Polskire Archrwcum Medycyny Weownetrineg IPorlandl. no 45.

A review is given of the thermal (lost than tO mW jsq cm) 1970 p 1s
and non thiomal effect% of microwave and ultralhigh frequency
radiation exposure on organisms, organs. cells bacterta andMOT
biologicai molecules A discussion of permissible exposure limits ACTION OF ULTRA HIGH PEOVEUNCY RADIATtOR1111
base on existing experience. and of the relevant difficulties is IWAVILENGTH 21 eon) ON TEMPERATURE Of SMALL
presented LABORATORY ANIIMALS

L DeSeguin and G Castetaoin 1947 1 p Rept from Comot
Rend Aced cr M~arts). v. 224 1947 p 1662

UNCERTAINTIES IN THE EVALUATION OF THE

[ ADIOPREOVENCY 11141AT11011 ANDNMI AND CARDIOVASCULAR 01111~ 111114&S F Cleary Oct 1973 1 p Rapt from hw.',ih Phys. v 25 DURING CHRONIC EX1POSURE TO s~me
Oct 1973 367 404 PMiQutNCV Ia .CYGM "Wa IC POILD

E A Drogict-.ria. N M Kowrchalovskoys, K V Glotova, M. N
75.06067Safchikovs. and G V Snegova 1966 1 p Repr from Gig

ANALVYWS OF OCCUPATIONAL EXPOSURE TO Tr i Prof Zabotev (USSR). v 10. 1966 p 13-17
MICGIOWAVE RADIATION
P Cierski and M Siekuoiersynki Plenum, N Yf 1975 1 p
Presented in Fundamental end Applied Aspects of Nonronterng EXPERIMENTAL RESEARCH ON THE SIOLOOICAL
Radiations Proceedings of the 7th Rochester Intern Cont on EFFECTS Or 1aCEN"TIv R LOW.MINYESIV WAVES
Environ Toxicity Rt -.hstet. N Y 5 7 Jun 1974 Yu 0 Dumansky. A M. Serdvuk. L I Litwinova. L A

Tomasheyskay.. and V M Popovich 1972 1 p Ratefr omn
11a5011111 Health in inhabited localities, edition 2 Marav). 1972 P 29-31
HEALTH SURVEILLANCE OF PERSONNEL
OCCUPATIONALLY EXPOSED TO MICROWAVES. 1. 711011074
THEORETICA, CONSIDIRATIONS AND PRACTICAL CHANGES IN THYROD FUJNCTION WITH CHRONIC
APl! CTrkiMSreEiXPOSUREran AO MiICRO97WApVErNA ychno 90 RADrAfrOmNi rPo ao
AP 'osk C S iotcfnrik EXPSUR TO MICROW97AVERptNA Vchna 90 RaDIt fo iON rPrfZa
aom Aerospece Med . v 45 no 10. 19 74 p 113 7 114? tUSSR). no 14. 1970 p 5 1 52

Principles of health surveillance of mi-zrowevve workers are A thyroid study using L 131 was performed in humans
presented An analysis of the incidence of disorders considered syistemnaticallyr exposed to microwaves in the 1 cm range Duration
corrtraindicatrons for occupational microwave exposure among of exposure was 3 5 hours per week The amount of absorbed
841 rnlaged 20t 5years and exposed occupationally to L 131 was determined 2. 4. and 24 hours after ingestion using
rnricuwavies for various period% svas marie The anuilyzed p~pkiletion gamma tay intensity measurement near the isthmus: basal
wttas subdivided into two groups differing only in respect to metlabolism was also determined Numerical studies show that
microwave exposure low it below 02 mW.'sq cm anti high microwave radiation irrqi.arr the correlations of nervous
Ia betuveen 0 2 mW sq cmn and 6 mW '%(q cm No dependence processes and diencephalic tregulation in organs and tissues
of the rvcidence if disorder% considered contrairidications for
ocrjpatinarr miciowiave exposure on the exposure level or duration 75-CO076
of occupational exposure could be demonsrriated The authors IMPACT Of SHIF ELECTROMAGNETIC RADIATION ON THE
feel that similar studies carried out on groups exposed at other FUNCTIONAL STATE Of THE MYOCARDIUM

powe denityleves ae nededN A Dyacheniro 1970 1 p Repr from Voen Med Zhurn
iUSSR). no 2. 1970 p 35 37

75-00069
A CLINICAL STUDY OF THE RESULTS OP EXPOSURE OF 75,00076
LABSORATORY PERSON NEL. TO RADAR AND HIGH FIELD MEASUREMENT Of ULTRAVIOLET. INFRARED. AND
FREQUENCY RADIO MICROWAVE ENERGIES
L E Daily 1943 1 p Renpr from US Navy Med Bull v 41. J Hf Fanney. Jr and C Ht Powell Aug 1967 1 p rats
1943 v 1052 1065 Rapi from Am Ina Hvg Assoc J. v 28. no 4. Jul Aug.

A qroup of 45 mein with exposure to radar and high frequency 1967 r 1.35 342
'ad~o varying from 2 mionths to 9 year% were observed for The industrial hygiernist has for some time been aware of
12 rrionths Periodic physical acid blood eixamirratiorns of these tlhe possible hazarrds which exist from the energies in t!ý*
irriividuals were withirn the riotrial rangre The reproductive non ionizing portion of the electromagnetic spectrum Potential
tisilem diii not seem to have sufirreri cli-nically awry dewironritrtable sources of these radiations and instrumentation available for field
damage d% judged by the rnumrber of conceptions and normal nmeasurement are ieviewed The instruments by categorical types.
pregnancies during the time of exposurfe of the fathers to radar their advantages, disadvantages. anti specificity for various portions
NO abnrrornal or prerrdiatue dIlpecias that coiuld he ~onrnected oif the ripectrurn. as well as the interpretatior of their responses
with exposure to railer were found There have beern no unusual are discussed ihe article contains recommendations for
dermratological nmanifestatiorns It was conclurded that Durirng the avoiding gross errors iii field surveysa
preliminary and present work on railar ann high Ire~qUetic radio
by personnel whoi are counstantly exposed to t he equilament and 75-00077
it% ermanatioins both in a %hielded arid at, unshielded condition. OCCUPATIONAL HYGIENE PROBLEMS IN WORRING0 W11t.i
there has beien no .irnical evidence of damage to these personnel ULTRASHORT-WAVE TRANSMITTERS USED IN TV AND
It is thought advisable that riirecitier a% In shielding of equipment RADIO BROADCASTING
and periodic mel i checkup of personnel he. continued to prevent N N Goncharova. V B Karamyshev and N V Maksimenko
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196 1 Rat fom ig , Prf Zbolv (SSR.2 thCn iS a sh"ieakrtr 1o p in he feityf inrdited mNG Ice. aro

Theeiene brm toe rtdhe litteic site ato std highe healitt asecsofIP 120
contwrolind coandiins com petonent ampode in1 chhanyofStd es wftherelnopmed in the mophlgy and functionoical

basic ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~o eqishtcoitd f2blwfositsoeaiga ie iniaed Worgn foflowing upIoneal irradiation with centimeter

7005 Academy of Sciences (USSR). Moscow
OCCUPATIONAL NEALT" ASPECTS 00
RAOIO-PREQUOIECV ILECTSOMASET1C RADIATION IS-00002
Z V Gordon 1970 1 p Rtpt from Eigonomircs and Phys *LECTSOMAINSTI1C FIELDS ANC RELATIVE HRATING
Environ Factors. Occupational Safety and Health Seti 21 PATTERNS111 DUE TO A RCTANQUILARAPERTUJRE SOUNCE
IGENEVAi 1970 p lbg 174 IN DIRECT CONTACT WITH BILAVERES BImOLOICAL

The biological 'tscta of electromagnetic radiation delonds TISSUP
on their frequency Dand lot wavetength) imensityg and exposure A A Guy Feb 1071 1 p refs Rapt from IEEE Trans.
tnime The typical iffect for biological action of radio frequency, v MTT 19. no 2. Feb 1971 p 214 223
radiation is pr*se ited by a thermal affect which can produce Expressions were derived and evaluatad fot the
fever or a local ncreose of temperature in some organs and electromnagnetic fields and associated relative heating patterns
tissues determin :dl by dielectric loss factor The dielectric loss in two layered biolottical tissue media exposed to a
of envciry in liss res increases as the frequency is increased andi direct contact rectangular aperture source The source consisted
it leads to a r¶, jie effective transfoormation of electromagnetic of ai linearly polartted electric field distribution specified in the
fieldl energy to thermal energy Tfie thermal effects of radio plane of t~he aperture The results may be used for many biomedical
frequency radiation depends on its intensity aind wave length applications ranging from the design of diathermyr to the
the clinical pitrture of thermal effects is accompanied bry typical establishment .)f standardlited electromagnetic field intenrsities in
rvio'phologica! alteriration% characteristic for hypertfir'rrral A connection with research on electrtornragrietic effects in living
"ther ml effect ill sufficient deviatioui involves rnidificat~n i ois(f A0 biological media
deglent-rative typer in the cells of parerrcliymatuse orqgans midii
"myucarde idystruphic processes in the synapses and the cells of 70-00003
different sectors Of central nervous system arid auturoitiiii A NOTE ON IMP SAFETY HAZARDS
nervous system Irrfadiation with smaller dloses without increase A W Guy 1974 1 p) Repi from IEEE Trans iomwed Eng.-
of tioidy temperature is not however indifferent for the organism 19)4
The central niervout, system is the most irnhibitedi 'he organism
reLition of radio frequency radiation consists of two phases 7-O
%tiniulmitve and inhibitive Repeated irradiations of low intensity MICROWAVE INDUCED ACOUSTIC EFFECTS IN
p-ovoke a permanent fuiictionial alteratioin as a result of cumulative MAMMALIAN AUDITORY SYSTEMS AND PHYSICAL
biological affects This should be considered in establishing MATERIALS
regulations for radiation exposure Erxposure to radio frequency A W Guy. C K Chou, J C Lin and 0 Christensen Feb
radiatlion may result in furictional troubles of thre oervouIs and 1974 1 p Presented at New York Aceid of Sci Canf on Siol
the cardiovascular sySItiniS shown biy hypotihonia h!3dyCrdidJ Effects of Nonioncirng Radiation. Feb 1974 Submitted for
mrodificatiror in cardiac: condii ii v it v etc a i ii alt era tlo isOf publication
endocninal iwumorol processes it) gerneral, warkrirs exposed to
radio frequencyr radiation of different 'requencie5 show a Lonumon 71001
basic alteration of the central nervous and cardiovascular system 1.00
where only the degree of these alterations vary In pnrrsons exposed THE RAPEUTIC APPLICATIONS OF ELECTROMAGNETIC
to thre A"' 'fi microwalves tl~lftu~igf frequencresi. the alterations POWER
are rrire& pronruflced Ftirheirtmore initial morphological alterationsAWGu JFLemn.adJBSnbrde an17

-nf ,ye lerr can be observed The alteration& in persons working 1 p Pepn from Proc IEEE. v 62. no 1. .an 1974 p 55 75
with sources of high frequency Occur much more rarely and are
less pronounced The stimulation of bioitogical actictity is direcrly
propo-tiorial to the shortening of wavelength This phenomenon 75o00se

is, determigned by biophysical processes arid the absorption ELI CTROPHYSIOLONICAi. EFFECTS OF
inircanivrn of energy of different wavelengths by organic ELECTROMAGNETIC FIELDS ON ANIMALS
hetunrogerric tis-tues The experimental data obtained in the Institute A W Guy. J C Lin. and C K Chou Jun 1974 1 p Presented
of Occupational Hygiene and Disease of Academy of Medical at Rochester Environ Toxicity Conf, Rochester. N Y . Jun
Sciences provide evidence on the above effects 1974

15-000"1 75000S7 Medical Biological Lab RVO TNO. The Hague
T04E PROBLEM Of T141E BIOLOGICAL ACTION OF UHF INetherlandsi
Z No Gordon 1960 t p Repi from Trudy Nii Grgyirea Truda BIOLOGICAL EFFECTS OF MICROWAVE RADIATION.

PrFiof.abol v 1. 1960 p b? PART I
H Hearing and P M M Vanosch Nov 1971 1 p

75-60000 (MSL 1971 7 Pt 1)
SOME DATA ON THlE EFFECT OF CENTIMETER WAVES The only biological effects Of microwave radiation that u,,i,,
(EXPERIMENTAL STUDIES) now could be proved experimentally with certainty ware purely
Z V Gordon. Ye A Lobanova. and M S Tolgskaya 1965r thermal in nature the heating and somer.-'- subsequent
1 p Rept from Gig Santo USSFI). no 12. 1955 p 16 IS damaging of biological material due to absorption of higo .;n st

micros-vaves Although not completely explained by theory. the
76-000t Joint Publications Research Service. Arlington. Va mechanism of thermal effects of microwave exposure appears
THE EFFECT OrF CENTIMETER RADIO WAVES DON MOUSE to be reasonably welt! understood. In practice the effects due to
FERTIUTY overheating can I.. preventerd rather easily.



P66606 filow in' hall* ft einlheof so e -ll' cuirrant nee"e to shinu~let
SILATISRA LINTICUAN OPACITIES OCCUIMNS in A a frah to "m voe increasd by 46% in a foeod of 100 se IN0 DO
TECH1NICIAN OPGRATISO A MICROIIAE GENEATOR In tabbita it was shown that Ore l0,ubrei anmld Elefceuhllmsn
F G Hirsch and J 7 Parker 11912 1 p Aep from Arch *he5I depnw of hems connectiens to "h locallif5. tenst ifete
gInd "y Octrip Mod. v S. 1962 It ! SIZ-1 to a m.WINIC hel tha114 n fl intac brain It is cortahided tha a

A cas study of INt deiaage dun to Ifie e"e. of an adult magntetic field am ts lI IIa weak sawniiias 12) is ueulmov inhbitor,
Male11 upon sepoc0,11ure to mictdrowave radiation is irvaciwed Swic and 31 act* dwoutly an the lmobiebain id daripallihaftii
micrOWave enery has beer used asi a modatity of phywial
Itherapy for a numbs. of years without any record of *cuta#
dinamag. this case study was published to recall to the attenti mne
of oplithel ooiat. induat"Ia physicins "r~ microwave wokr TNE EFFECT or 0111111 E " A 111111n OPmf f 112"E T
the Po ltenalihi.. of microwave dration. in order thiat thte usNeU 105 S EM PSI
Of this foin of enery will be ecuompernid by appropriate respect ONSAIG OF '0110S RAU
and precautions IEI~~a 54IpRp lmGgI ~o aeeIUSSI. va. 1" 014-20

Nepotdal! tWe IMeffcs of thle admevniettatmon of a d~eal of
r radiation wiith 10-centimelso wae" pulses upon the blood and
CHAMES if UNADERTI " aCTV APU N D O MOS11IUT? IN hemoapoistic Organs fbone morrow end mpl mnI in white tots

NEUTOPI.S NDE TH I~fUU CE f MC~OAVEAfter establishing each rat's backgtoiand fevo l fo ar hs glhber,
content, the numfber of ery VIMee revietalecytes. and wltuhcytesnA I Ivainos Kitov Order of Lenirn Mil Med Acad. Leirngrad- o bp.n it

1362 ipthe microwave inteonsity and emposure genoft vatted far each
graou Perrodic blood studies wer performed. and chanes in

MOED Service do Senter des Atmeres. Toteulr, (Francel fte nuffber of fotrid blood eilewerts, in each animal were
BIOLOSICAL EFFEICTS OP UHF ELECTROMAGNETIC compared and the rmsilts recode
RADIATION

F If JON WA dmServant*e Met 1972 I p
Very hig frrxquency radiation effects, emitted by radar meow66

equipment. on the human organism were investigated The POTENTIAl. RADIATION11 HAZARD "IN ADAN
0w loiand - iicpttollogical aspects orte outtined Data INSTALLATIHS;

alocver pulse dration penetrative power. energy density. and H JKoerner 1967 1 p Rep from Zent :rbettsmed

CERERALCOREX URINIS XPOURETO U"-NfHYPOTHERMIC RASINTS?. STUDY OF MICROWAVE
RLECTROMAGNETIC FIELD. PART*2: THE DIRECT ACTION CATANACT06ENIIC MECHANISMS
OF THE UHF-NP FEWL ON THE CENTRAL NERVOUS P 0 Kroemr. A F Emery. A W Guy. and J C Lin Feb

SYSTEM1374 1 p Pcesentetd at the New York Aced of %ci Canf otn
Yu A Kholordov 1163 1 p Rapt from Miol Eksp Biol Med 8.1Effects of Nonionising Radiation. Feb 1974
iUSSRI no 5S 1363 It4 2 4 6

The effect of an UHF field on the EFGa after injury to the.
eolereaceptors. alone or concurrent with ant incision tif the ACU AC IITTONI MA66661111T, FHmosenceohalon at the inferior collitculi. wis studied in rabbits lW ITNI1S FR RTCIN AAN'

The animals' reactions after single deaoferertation, or combined FIEDIATIONSTE FO POTCIO DSIS

with the brain section. were the same as in the normal controls. RADI uATI No 13HAZARDSEE ns E
frequenc Rn latent Norio 1The 1am recin eaet moteEElis

that is the &EEG showed an incr-tase in dmphtuda antia decrease lcrn gf annsr av d 1.N 17

that the telereceptort, are not primarily concerned with the
perception of the UJHF field Incision at the mesenicephalic level
increased the dluration of the response but shortened the latent 76-0601010 Methodist Hospital. Houston. Tom
period The diencephalort and talecephalon located above theAMI O AV DCUPE SAN-MP ATR
incision iiere capable of responding to the UHF field The mean TRANSDUCER

I.latent aeriod was increased after dleafferentation However. tce L E Larsen. R A Moore. and J Acevedo Apr 1914 1 p
distriution curve in different individuals showed two maxims eito EE~ntEe leto nrI rn irwv
No morphological explanation could be found to account for the Theory Tech. v MTT-22. Apr 1974 p 438 444 Prepared in

ftarni~ inreaons Hoeve thecods aid he ypohalmuscooperation with Westinghouse Elec Corp. Baltimore
showerd distinct histological chanqes The measurement of brain temperature during moderate ito

high level exposure to microwave tadiation was considered Bench
test studies of conventional temperature transducers in

5.3653microwave environments have demonstrated artifacts responsible
NHE EFFECT OF AN ELECTROMAGNETIC FIELD ON THE for errors of several degrees centigrade These findings led toaCNRLNERVOUS SYSTEM program for the development of systematic test procedures and
Vu A Khcrlodov 1962 1 p Root from Ptiroda (USSR) no 4. ihem d"49if of atoctmrodes with artifact reduced to 0 1 C. '

¶962 p 104 105
The effects ol a static magnetic field on the central nervouts 7-b

system were studied it) birds. fish, arid mammals by the TEMPERATURE DISTRIBUTIONS 1N THE HUMAN THIGHi.
conditioned raftemr mauhod Reactions to light. sound and electric PRODUCED BV INFRARED. MOT PACK IN MICROWAVE
Current were utilized The field strength varied from I to 800 Qe APPLICATIONS
and exposure time from teconds t,. hours Although food seeking J F Lehmann, D A Silvermin. B A Baum. N L Kirk, and V
and electrtodeferisive reflexes to a magnetic field could be C Johnston 1366 1 p rats Repr from Arch Phty, Med
established, it was easier ini fish to dievelop inhibitory Rehtbil, v 47. 1966 p 291 '.199
conditioned reflexes In this aspect magnetism proved a greater In this study it was found that during luminous heat. infrared.
stimuluis than light or sound In pigeoons. alimentary conditioned and hot peck application, blood towi changes occurred in the
reflexes were inhibited in 70% of the casam. by the magnetic skirn end subcutaneous tissues which cooled the superficial tissue



layers An a rggltw. the temitig'4telse in thes superfiial lissue 656
layer drtped in Ispit of the C00tiillubu appclcatuen of the CHANG IN NHSNS NERVOUS ACTIVITY AND
modalities thi emp le dtroep occurred after on initial aempookre INT11RNE111UPON CONNgCvIONG 10 INa C11RSOR01AL
of MpMROO m IQt 30 ouwte In ""ite of the cooling ~ tel~loCORTBX OF ANIMSALS VUONA THE INIFWINCI OF UHF
from an tinicrease m bleod Now fte superficall tImue lavers werm Ye A Lobanovi *i. at i S ?algitays 3960 1 p Rspr from
no cooled eniought to olft* & therapeulticall effetivbe itro i)Tt Gig It Pr4of AMN SSSO fUSS111. no 1. I360 p6974

fte terieraturie of deep tIsues suich "s musirulature None of
the reodeilitrels investigated proved to to effective ais a deep ?161-00104
hoating egent Thele was no significant difference in the SOfOGIcAL IFF,.iTS OF *R ELECTROMAGNETIC
teiviplltturie distributions irtetpectival of the technique of 1111411111
"applcalo of fth "p Of superficial heating modalftf used A K lritrha 3363 1 p Aspt from Pracoivni Lekorstirl. Prague
statistically, signilcant difference in temiperature distributions 15 MiCrchstlovalkral. 1363 p 3117 3933
pOfdui0111d by the super~flicial headtin modalities anid by microwvers
12436 oft and 900 mcl woo found From the therpapetic point 1-00

of view. microwaves, Operating at 2466 mc werett not so #affctive NEUROPNYSIOLOGICAL EFFECT OF 3-em MICROWAVE
in heating MUSCrilfnl atsr were~ microwaves operating at the RADIATION
"fequiencli of 300 mc ft D McAfee 1963 1 p refs Itepi fromr Am J Pfiysiol.

v 200 no 2 3361 p 192 194
?$-soft Nourophylstiological effecft front locally applied 3-cm
EFFECT OF MICROWAV9S 00 CARDIAC RHYTHM Of microwave irradiation wetti demon~strated an decerebrato and
RABBITS DURING LOCAL IRRADIATION OF BODY aneathetueed cats and shown to be thre result of thermal strimulation
AREAS of pertphreral sensory or ite fibers The prinetrating characteristic
N A Levirina 1364 3 p Repr from Ityull Eksperm 1.01 i of 3 crm radiation healts the%* fibers within the skin and
Med. v %1, 3364 p 67 69 subcutanwous tissue to 45 - r 2 C at which tlainpoelfure a

noriceptive response was elicited tfrem the vtlpeltinieotal animals
The irradiation was applied to small at*&% of skin or short sections

IONWIt DEPOSITION 11N1 A SPHERICAL MODEL Of MAN of nerve trunk% rich in sensor-y fibers and the nociceptive response
EXPOSED TO I IWM~e EL.ECTROMAGNETIC FIELDS obtained was qito different from the signs of a hyperthermal
J C Lin, A W Guy (Washington Univ Seetlel. and C C state seen during whole bodty microwvetii irradiation
Johnson lUtah Unirr Sa1lt Lake CAity Dec 1373 1 pi Rapt
from IEEE Trans Microwave Theory and Tech v MTT 21 Dec PS-00109
1973 v 793 797 Presented it IFEE Intern Microwave Symp THRESH4OLD$ FOR LENTICULAR DAMAGE IN TH41 RABBIT
Slo-Idet Colo 4 6 Jun 3973 EYE DUE TO SINGLE EXPOSURE TO CW MICROWAVE
iContract F41609 73-C 0002 Grant GM 164361 RADIATION: AN ANALYSIS Of THE EXPERffIMENTAL
HfEW 16 P5616'.0 11) INFORMATION AT A FREQUENCY OF 2.46 OH&1

Donald J McRae Dtec 3373 1 P Rpi frain Health Ptiys
M501101 Washington Univ Seattle Dept of Rehabil iN Ireland) v 23 Doc 1973 p 763 769

Mod This work proisents a review of the literature as regards toI-MICROWIAVEF SELECTIVE SPAIN "EATING the power and time thresholds for opacity formation in the eyeI
James C Lin, Arthur W Guy, arid Ge-orge H Kraft 1974 1 p due to cuiritluous microwave radiation Temperature
Repi from J Microwave Power v 8 rio 3 4 1973 mriasuroemints ,the vitreour, humor weroe used to develop an

p 275 206analytical modei %'using basic principles and experimentally
Microwave induced heating patterns in mammalian brains rfetermindW rate constants) which predicts the power and time

were studied using spherical mode-Is through theory and thresholuds for a frequency of 245 Gt3H Although Ithis model
experiment Differential absorption by various portiori, of the was tnot eilerrdel to other frequencies, it provides a contest in
brain, produced local hytperthermina Though microwave healing which a general analytical model can be developed when rnore
is eattramely rapid the precise temperature rise depends on the temperature daita become available Two orr~iraical equations were
intensity of incid-.;q ortiationi and the duration of exposurte derived which predict the power and time thresholds as a function
Preliminary aoim., Icati experiments indicate that a tenmperawtp ~ Of frequency

of 43 C is atfta,--'. -i 90 s wiltoo- tissue damage, sugge-.irrg
the possibility 9.r i-tcrow~a ferential hrlrparthernia as

an djuct s ~-. -'i"nn~i he"-;-'i rai cacerEFFECTS Op EXPOSURE TO MICROWAVES: PROBLEMS
AND PERS6PICTIVES

THEEFFCTcC LETROA4WETC I'4DSON HES M Michaelson 3974 1 p fbepr from Environ Health
NIOELECTRIC ACTIVITY OF CEREPRAL CORTEX IN Prpcie 3 5

- ;: v:no A8 Tsypin. Yu G Gr~goryev. VG Krushchev. RAIATION
SMStepanov. and V M Anarry.'; 3960 1 p Repi from STANDARDS FOR PROTECTION OF PERSONNIEL AGAINST

SMMichaelson. 1974 1 p Itepi from Am Indust lHy3
AsJ35p766 7.4

75000376S4OI 1I Rochester Univ.. N YV Dept of Radiation Biology
THE EFFECT OF RADIO-FREQ11UENfCY ELECTINPýAGNETIC and Biophysics
FIELDS IN THE 191 AND 151 - SAlls 111 THlE RELEVANCY OF EXPERIMENTAL STUDIES OF
CONDITIONED REFLEXIES T ," ". MICROWAVE INDUCED CATARACTS TO MAN
Ye A Lobanoyn and A V - z ;narova 36 1-a p Rapr S M Michaelson 1972 1 p Sponsored by AEC
froir' Gig Tr Prof Zaboll (USSRI. no 3. 1966 p 76-80 (UR 3490 103)

An extensive literature review is presented of studres which
75-00104 have attempted to assess the relationship of exposure to
CHANGES IN CONDITIONED -RIFLE% ACTIVITY OF microwaves and the subsequent development of cataracts The
ANIMALS DUE TO EXPOSURE TO MItUROW' VES OF studies include numerous investigations in animals and several
VARIOUS FREQUIENCY RANGES survey% among human populationm On the basis of these
Yo A Lobanova 1964 1 pi Ae~pr from Gig T, AMN studies the following conclusions are made It) Thu estimated
SSSR (USSR), no 2. 1964 p 13- 19 exposure levels with which clinically significant cataracts have



been assocated have geeraitlliy beew quite high and wall above hours tier day tot five consocutive d6V% Some doils with
lUG mW 'evri cm 12W In genteral the studies ate only qualvitative additional eapousutus were included Ftr compatison duo
anrd do not gIFe any retation between the actual 0oewrpt Jeae prevouslyl irradiated w#ih 110M kVp X rteys 150 0N/minI vitier to
and pathologyr 13) The indeievirtuals studied tit fte sonveys could Oth wholebodil 1300 14) uplper body I1390 A) of kiwet body
have been exposed to raniag radialtion luesit as vell vas 1900 NJy erai eapossed to mictuwveiotie in a sirtvlar mantie
microwavres, 441 the health haearnd posed by the possibilIty of Alterations in catrdoltulilonatyi thyroid warid etythtopuiletrc funictrion
microw ave induced catarat formations *auld appear minor, of normal dogs end greater sensitivity of X irradiated dogs to
because the piower desirtirr requited lot opacilficttion are eenmicrowave& ate noted In general. thee studies indicate ftha
to eigt times the maximum permissibleo esposul levels suggeasted repeated esposur. to 1240 Mc ,'sc mictrowaves at 00 mYP /tqtor human exposure 1t0 m*;sq cm) cm. can produce functional changes ifS the dug which it

150011 ochste Uni N Det a Radatin *agyextrapolated to man would be indicative at homeostatic
104012 ochsterUni N Dep ofRadatio Gmalpinsufficienicy and decremnent in pewriatomne capabeiity oveon though

ant SWisophytimcs ovr cpcttormay "ot take place Whether thermal
?NIMA EFFCTS Of INL AND REPS11ATIS novitholmal. or both of these are the contributing factors in the
EKPOSIBIGE TO MICROWAVIG response to microwave expspure. there are sufficient eapetiirmersite
S M Michavelsoi Oct 1973 1 p Priesienled at the Intern aned human survey evidence to inedicate that mIncrowave exposure

Sym onSio Efect an Helthl~aard atMicowaa Pdiaronresult% in alterations in compeneastory and horeteokintirsc
WarsawL IS Oct 1973 mnchanisis ot the body The effect of micrwave exposure at
IU1 3490 317 Cant 731042 11 SO mW/sq crm in "the norr-sal animal should alert us to the

ThraVfet fsnl n eeldepsr omcoae caution that has to be exerted twhn any consideration is given
wit reepat to threshold phenomena and phsiovtlogical adaptation to raising the presaently accepted mvaarmjm permissible exoposure
onvrepotrifteThreshorld rexponse *a&%noted in rabbits exposed of 10 mW /sq tim

to 245 540 823 and 1100S GH. microwieaves; localized to
the eye at power density timie riuratons, sutficient to result in7011
opaities Adaptive reactions weri noted in the dog rtabbt and ENDOCRINE REACTIONS AIM CMII4ANGES1 IN INDOCRINE111
rat For example repeated whole body exposure, of dogs to GLANDS UNDER INFLUUNCS OF MICROWAVES
266 (bHe and 1266 Mt41 pulsed microwivaves at power H Mikialagreyk 1972 1 p Rapt from Med Lotnricta (Poland).
densities trum 201to 165 mW 'Sq cm 1 tao hours per day lot no 33. 1172 p 33 51
2 to 4 weeks showieed thermal adaptation of acclieimiatiaton as On the base of modern concepto at ndocrinve system, the
reflectead by diminished temperature response as the exposures effete of microwavives, ail hr.,rmonal reactions and changes in
continued Flats repeatedly exprimed to 2 45 GH# pulsed reveal enidocrinit glands is discu:'.%ed There exists a marked thermic

aaptive reaction at functional changes Acetyglcholine level% in effect at miucrowaves oil the airdociin% system. while still lack
ah blood oftrabbit avid functional changes such a% artervial valid observations concerning voccurrenceo ot hovrmonal changes

adpainas a result ot repeated extposures to thermogeiric at slight thyroid hyipotunction were shown, probably these
avetis of rniocrovives The tuse of these studie% as a nivans ot synmptoms. are due to dyrstunctian oft he hyipophysis Changes in
eaminiing some funidamenrtal aspects ot thermotegulatiur cholinestoerse activity in ftuids and tissues were also obsenved

acclrnatizatiotr or adaptation and iterrlielated c;ardiovascular Damaging eftect of microwave r~adiation on gonads was also
biochemical and neuroanrlocrina ftunctiorrs is suggested proved. probably the primary place ot action in this case seems.

to be the hypothalamus hypophysis system

T14 IN1FLUENCE 00' MICROWAVE$ Off ONIII.lING SURVIVAL P13 009111D OP NORMAL AND
RADIATION EXPOSURE NVOROPH'lSIECT0MIZED RATS, EXPOSED TO ACUTE
Hoviviatid Feb 1963 1 p refs Rept trom Aerospace Med v H Mikoalacilyk 1973 1 p Ratep ftrrrr Petal Polska tWarsaw).
34 Feb 1963 pi111 115 v f 93 2 3

The effectiverness or practicalitV of milcrowavev exposure as yoml17.hpopys~ectannaed 18 n atal
a method for enhaoncenivent of recovery and or protection againsit hypophysactonsied (16) rats were exposed to lethal dosesi o1

raito a nyb nerdfrom the data preisented Tite result,.i~owv radiation (2860 MHz. 120 mW/sq cml Period ofj
suggest triat additional work sho'uld be done to evaluate the survival ft primalvwas measured in minutes ( or 1 /2 minute)
potential tit this procerdure in cointeracting or mrninmini~ng the It was found that the survival period It prime) in normal rats
eflects of ionizing radiation \farious time intensity factors of was largely a function of bodfy mass Iml The regression equations
ionizing radrditot frequency povwer level pulse height and width tar t prime mn. t prime m 2 '3 power and I prime n 3 /4
interrelationship% for microwave iradialtoio as well as "-tervals power waet at compatabele values with linear or close to linear

betweean exposures ot these two allergies should be ca ~iceed course There weroe no significant difitferences between means o#
in sk,cn investigualiors 26000 MHz, PW (prf 360. pa' a width absolute survival periods between normal rats hyvpophyseictomniedI
2 microsecondsi. 100 165 mW sql cm. dogs. MW', X ray or partially hyrpoihyrsactoniie rats Survival period per unit ot
(250kV. 2 RA mini Results are reported from studies -n 4Lgs on body wiefight (1t prime/tO X m. I prime X m 2 !3rds power and
the effect of microwave exposure on response to ioncirrng ra~divton I prime X 10 3/4th power) was significantly longer in J
Irradiation with 250-00 A resulted in death within 24 hr *n 2 of hypocphyrsactomriled rats than in partially hypophissectomized
10 dogs with a previaus history of microwave exposure Nine and/ar normal rats Coorrlationrs between t prime m. t prirmei
of tO normal irradiated clogs. died in the same period Neurological rn 2,13rds power, and t prime m 3/4th powert weret positive

manifestations wera less severe in the microwave treated d~o and highly significant in normal rats There were no suchThe results suggest that the possibility of using microwave correlations in hypophyrsactomited rats The results indicate that
treatment to counteract or mininuim the effects of ionizing radiation hypophysactomy dimirinisherd the sensitivity of rats to acute effeacts
should be explored of Microwaveis 1t also seems that thermal effect oi microwaves

depends not only on the size at body surface and of body mass.
75-00114 but also on general metabolic rate in tissues
EFFECTS OF 9IECTROMAGNETIC RADIATICONS ON7017 Rcete nvNV Dp f aito ilgPHYSIOLOGIC RESPONSES 1-01 ohso nv eto aito ilei
S M Michaelson. R A E Thomison. anti W J Or-Inein Mar and Biophysics
1967 1 p rats Rept from Aerospace Mae. v 33. Mar SIOLOGICAL EFFECTS OF MICROWAVE RADIATION1
1967 p 293 298 William C Milroy and W0 M Michaelson Jun 1970 1 p

Studies were performed on ilovgs exposed to 1240 Mcisec Repr tramn Health Phys IN Ireland). v 20. Jun '371
pulsed microwaves, at a field intensity ot 50 mw,'SQ cm. !ix p 567 575
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;n the area of ultrasoimd broeffects and to define areas in which
"further work needs to be done

* -* 75-00170 Guys Hospital Medics; School. London lEng!fnd)
A STUDY OF THE PRODUCTION OF HEMORRHAGIC
INJURY AND PARAPLEGIA IN RAT SPINAL CORD BY
PULSED ULTRASOUND OF LOW MEGAHERTZ
FREOUENCIES IN THE CONTEXT OF 1HE ISAFETY FOR
CLINICAL USAGE
K J W Taylor and J B Pond 1972 1 p Repr from Brit J
Ra0fol (England). v 45. no 533. 1972 p 343 35"

The spinal cords of adult rats were irradiated with ultrasound
using peak intensities of 25 or 50 V/sq cm at frequencies of
0 5 to 6 MHz Lelivery of energy was pulsed to avoid thermal
effects In most experiments 10 msec pulses were separated
by intervals o( 100 msec Such treatment *esultrd ;n paraplegia
and or gross hemorrhage into the cord The appearance of
hemorthage was a more consister't occurrence and was used to
compare the effects of ultrasound of varying parameters Damaging
ability was maximal at the lowest frequency employed (0 5 MHO):
it decreased with increasing frequency to 5 MHz. at which
frequency neither paraplgia nor hemorrhige could be
produced The same method was used to investigate the effects
of hypoxia when it was found that an arterial partial pressure
of 02 of 50 mm rendereo the tissue more vulnerable to ultrasonic
damage by a factor of 40% The effects of changing the duty
cycle were similarly investigated Hemorrhage occurred whenever
an accumulated dose-time was received which time was
characteristic of each frequency and independent of the changer
time-averaged intensity resulting from the changed duty cycle

76-00171
PHYSICAL PRINCIPLES OF ULTRASONIC DIAGNOSIS
P N T Wells 1969 1 p

75-00172
ULTRASONICS IN CLINICAL DIAGNOSIS
P N T Wells. ed 1972 1 p

Ii
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Sctlon 4.

ULTRASOUND: Genensi Rioleremus

j% carnTow FOR THE PODICTIION Of AUDITORY AND ULTRANION ,usoaiuCy ACOUJSTIC WAVES sN LIsUINS
SuBJICT1 EFFECTS Due TO AIR-ORNE moonE FROM AND T"U1111 INlURACTION WITH *toWAMM

w. I Action iSS I p Repr frOIT Ann. Occup. Hyig (Eingland). F. Dunn anod 1. A. Hawley 1965 1 p
v 11,no. 3 p 227-23 4

ULTRANONIC VISIJALISATION OF LEFT VENTRICULAR
76-00174 Copenhagen Univ (Denmark).DNMC
DIAGNOSTIC ULTRASOUND USID AS AN ALTERNATIVE R. Egglto. C. Townsend. J. Hemrck. G0 Templeton. and J. Mitchell
114ýl X-RAY EIIAMONATIow IN PREGNANCY. Jul, 1970 1 p Rapt. from IEEE (tinst. Elac. Electron EngI),
EXPEIMNNTAL WORK ABOUT POSSIBLE TBRAlOSENI11C Tras.i Sonics Ultrasonics. v. SU-17. no. 3. Jul. 1970
EFFECTS OP OIA46NOSTIC ULTRASOUND 143-153
Jens Sang 197' 1 p In DANISH Presented at 3d Nordic An u~trasonic system for visuealiing the dynamics of ft. ef
Radiation Protection C-'nf. Copenhagen, Denmark. 19 Aug ventricle was developed that utilize a catheter-borne artray of
1971 four transducers spacedt 90 degrees apart in a plane normal to
(Canf -710647) the axis of the catheter. The transducer (transceivers) are pulse

During the last 10 to 12 Yrs. application of ultrasonics lot sequentially at the rate of I1000/second and the date oare collected
diagnostic purposes in medicine has increased especially in over a period of about 8 seconds The cardiac cycle is arbitrarily
obstetrics. in order to obtain qualitative and quantitative evaluation divided into 24 equal increments or frames depicting the contour
it was found reasonable to investigate the teratogeanic effects. if of the left ventricle at various stages during the cardiac cycle.
any. of ultrasound with frequiences eiqualling those applied for The display phase commences upon completion of tie data
diagnostic purposes in comprehensive animal experiments. An acquisition Compensatio3n for the motion of the catheter within
investigation including a little more then 6500 fetuses of mice the heart and determination of the angular orientation of the
exposed to ultrasound of high effect was carried Out Both catheter tip ware major problems that hed to be dealt with in
continuous and pulsed 2.26 MI-f ultrasound were used in the the develo)pment of this instrumentation. The fact that data are
experiment, not acquired in the same order in which they can be displayed

necessitates ths use of the computer for sorting and storage of
echo-ranging data. The resulting views of the inner watll of the

75-00171 left ventrile are proving to be useful information, which should
CHROMOSOME BREAKAGE AND ULTRASOUND lead to a batter understanding of the dynamic events of the
E Boyd. U. Abdulla. I Donald. J E E Flemming, A. J. Hall. cardiac cycle.
and M A Ferguson-Smith 1971 1 p RePr from Brit. Med
J. fEnglairdl. v. 2. 1971 p 501-502 76-00183

ULTRASOUND: PHYSICAL. CHEMICAL. AISD BIOLOGICAL
EFFE CTS

75001791 E. ElPiner 1964 1 p
BIOLOGICAL ACTION OF ULTRASOUND IN RELATION TO 75-00104
TH4E CELL. CYCLE EFFECT OF ULTRASOUND ON ARTERIES
P RI Clarke and C. R. Hill 1969 1 p Repr from Exp. Cell Johr- T. Fallon (Veterans Administration Hospital. Albany. N Y I
Res. v 58 p "344 William E Stohibens (Veterans Administration Hospital. Albany.

N. Y I. and Regiasld C. Eggleton 1972 1 p Rapr. from Arch.
76-00177 Pathol.. v. 94. no 5. 1972 p 380-388
PHYSICAL AND CHEMICAL ASPECTS OF ULTRASONIC A technique for the production of ultrasonic lesions in arterial
DISRUPTION OF CELLS tissue was developed and the lesion, so produced were
P. R Clarke and C R. Hill 1970 1 p Rapr. from J Acoust investigated morphologically. Focused ultrasound iMI~zI at
Soc Amrer.. v. 47 p 349-653 intensities of 25. 100. arid 1500 W/sq cm was applied to the

central arteries of rabbts* ears The maxrimum duration of
75-00175 exposure to these intensities was 720. 40. 1.5. and 0.1 sec.
SYNERGISM BETWEEN ULTRASOUND AND K-RAYS, IN respectively The rise in temperature assocated with the dosages
TUMOUR THERAPY was determined with an implanted thermocouple. The tissues
P A Clarke. C. A. Hill. and K Adamns 1970 1 p Rapr from were examined at 1. 30, and 72 hr after sionication. Focul lesionsi
Brit, J Rad~ol. (England). v. 43 p 97-99 were found in the exposed arterial well at intensity levels and

pulse durations corresponding to threshold values of marmmalian
75-00179 University Coll. Cardiff (Wales). nervous tissue. The lesions in the arterial wall consisted of
GUANTITATIVE RELATIONSHIPS BETWEEN ULTRASONIC vaicuolation. degeneration. end necrosis of smooth muscle cells
CAVITATION AND EFFECTS UPON AMOEBAE AT I MHz in the media, loss of endothelium. and infiltration of the media
W. T Coakley, 0. Hampton. and F. Dunn (Illinois Univ., Urbanal with inflammatory cells
Dec 1971 1 p Rapr. from J Acoust. Soc. Amer.. v. W.
pt 2. Dec 1971 p 1546-1553 Sponsored by Med Res 7-08
Council ULTRASONIC VISUALIZATION OF ULTRASONICALLY

PROOUC*.D LESIONS IN BRAIN
75-ODI50 F. J Fry 1970 1 p Aepr from Confin. Neural. iSwitzerfandl.
CHROMOSOME ABERRATIONS AFTER EXPOSURE TO v. 32. 1970 p 38-52
ULTRASOUND Three anatomically discrete ultrasonically prod~uced brain
W. T. Coakley. M E. Haighos. 1 S. Slade. and K. M Laurnence lesions in the rhesus monkey was visualized ultrasonically in the
1971 I p Aspi. from Brit. Med J (England). 1971 immediate poet-lesion period, as well as three weeks later. After
p 1109-1110 sacrifice at three weekis, the histologically prepared brain sections
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in the lesion area were competed with the chogirm information means of ultrasonic contrast inlctions made duning tadub~i
to verfy lersion placement end sons Tho correlation date indicate studies of the sontic root. Saine, wee mected in the supavalvulcr
that ultr~soti visualwiztion means can be used to aid in the positlixe during continuous echocatidiogrephic recording and! was
accurate placement of brain lesions Additionally, the lesions cen detected me a cloud of echoes limited by the parallel signals of
hopefully be conittollied in site end shape by this meant the aortic rmot. Systolic movement of the soni~c cusps was
Subsequent Gsaminato of the lesionis over a l"n period of accompaiiied by the delivery of noncontreat blood from the left
time1 also0 appears to be possible with ultrasonic visualization ventricle which produced defects in the contrast image paralleling
Isctirvques the excursion of the lieeti signals from the cusps I

MOSISS Nesioe tinst of Mental Mealth. Nethemde. Md.
PLRSON OO VISUALIATION AND MODIFICATION ULTRASOUND IN WIAONOSTIC 11111HISQN . A REPORT

Wl 111441011 TISSU 111RO0111 THE RADIATION STUOY UCTION OP THE
F J Fry. II F Herimburger. L. V Gibbos. and II C. Eggleton NATIONAL SN.14TUTVTE Of MEALT" ,
Jul 1370 ' p Rapt from IEEE Ilnat. Elsec Electron EngI. E C. Gregg. F L Thurstones. and E. A Epp Dec. 1373 1 p
Trans Sonic% Ultrasonics. v SU-17. no 3. Jul 1970 Repr from Eng Radiol., v 109, Dec. 1373 p 737-742
p 168-1639

Techniques for the debwled. in vivo visualization and
modification of internal brain structures via ultrasonic means ACOUSTIC INTESI111TY MEASIJPEMENS ON ULTRASONICwer develpe and studied in animals and man. The DIAGNOSTIC 114ICI
instrumentation used in these studies included high-gain C R Hill 1371 1 p Rapt forom Ultrelsonographia Medics
large-spertur ceramic transducers positioned in space by a (inav2p22
spcialty adatd Cincinnati turret drill. The system provides forIthe use of either simple, compound, or omrnidirectional scanning

mods hen the brain is viewed through an acoustically
transpartnt window. essentially all soft-tissue fluid-filledl space CELl. DOWISRP"" S ULTRASOUND
interfaces can be visualized. and in some instances gray-white D E Hughes and W. L fiyborg 1962 1 p Rapt from Sciencei.
matter ir terfaces can be seen clearly brain lesions produced by v 133 p 108- 114
high-inteinsityr focused ultrasound are tissue specific and can be
spaced in vivo to conform with the complex geometry of a SS¶
given brain structure These ultrasonic lesions as well as those IFFIECTS OP AIRSOMRN ULTRASOUND ON MAN
produced by mechanical or electrolytic methods, can be. visualized J J Knight 1963 1 p Rear from Ultrasonics tEnglandl. v 6
ultrasonically immediately after their placement p 39-41

FJFry, G Kossrnf. .J Eggleton. and F Dunn Dec 1970 EFF11ECT OF ULTRASOUNDFioe

threshola lesio in the cat brain was studied Focused ultrasound activity of the enzymes of glycolysis and the pantose and
of 1. 3. and 4 M~lz was employed with intensities ranging from tricarboxylic acid cycles decreased, indicating an inhibition of

fro 7to0 00 sc.ropo~tvalVTheetyesof lesions were of 0.6 and I W /sq cm had no appreciable effect on these

logtime durations of exposure, the lesion is produced by a of 0.6 W/sq cm applied to animals with esanenn~nal

thra[ mechanism At the highest intensities and shortest time atherosclerosis increased tho activity of auccinster dehydrogeniase
durations. cavitation is believed to be the mechanism which iii in heart tissue and aldolsse in brain tit"ue indicating a
responsible the f sometimes randomly appearing lesions. At stimulatoryr effect of this dose on metabolism A dose of

SIELECTIVE H&ATING EFFECTS OP ULTRASOUND IN

S FL~man4,B.J DeLateur. and D R Silvermatn 1966
ECHOCARDIOGRIAPNY OF THE AORTIC mOOr atfo Arch Phys. Med. Rehabil. v 47 p 331-339

RayondGramakand Pravin M Shah Oct 1966 1 p Repr.
frm n e dtflcol. v 3. no. I,, Sep.-Oct. 1968 p 356

Th copattern of the sornic root is elicitid by locating
th yia Coof the milral valve and then anguleting the 516

trndcrmediallyi and cephalic~ally. The characteristic echo RATIE OP PULSE1 hAVE PIROPAATWON IN ULTRASONIC
pattern of the sornic root consists of paired undulating signals TWEATMEKYT Of PATIENTS WITH DEFOsuMNS
three to five cm apart These signals move anteriorly during ART01ROSIS114 WAT" CONC2IISTANT DIS111ASS OF THE
systole and posteriorIy during diastole Their position is centrail CARDIOVASCULAR YSTE1111
in relation to echoes arising from the mitral and tricuspid vailver N. V Milthailova 1972 1 p Roop. from yap Kurortol. Fuaotr.
corresponding to fth anatomic position of the sonic root. The Loch Fia. Kull. (USSR). v. 36. no 5. 1171 p 426-428
movement pattern is identical to the mitral annulus. which also Patients (110) were treated with continuous or initermittent
represents a portion of the fibrous skeleton of the heart Lesser ultrasonic waves of an intensity of .2-111 W/sq cm 4:nd
echoes originating between the undulating mreruns of fth sortir. phorioplioresis with hydrocortisone Considerabl improvement
root were identified as arising from the valve cus~s by resulted in 16.2% of cases, improvement in 7S.4% and no change
correlating their motion with the production of the cardiac sounds in 6.4% Pulse curves in the carotid and femoral arteries were
Further support was gainedI by recording abnormally intense and measured to determine changes in rate of pulse wave propagation,
distorted signals in patients with calcitic aortic stonosis Anatomic reflecting degree of aliasticity of vessel wells, as a meult of
validation of the soniec origin of these echoes was obtained by treatment. Rates are generally found to be elervated in



attenoticlerceis. and hytpertensive dhiseaise A decrease, in irates and shape for varying values of ultorasonic andl theirmol containts;
occurred in all casesti It was especially marked in older patets and colifollefrie veria~ee lbosequftoy. locus"n. damagep. "tare
160-74 yit olM) given continuous ultraowitc treatmenit. whera thes depthf.) teoi attempted. An emlnycfal equation to dascrIfe the
rate dropped from 10 10-4 67 m /afc Thene figures indicated axsil and radia ultirasone energ dolstinbipolon at the locus mn
the benelliciial effect of ultrasonic toreatment ont cardiovascularl wate is derived. Appropriate heat transfer eqluations are deeope

diseaslok temperature distributions resulting fromn ultreeonk.; jorradlaton.
The computed temnpeaiture profilea are, plotted against

~S.W¶3Snonlimeonsionaliaad patrameter* Temperatures at the lesion
ULTRASONICS 11% MEDICINE. REVIEW boundary were deteirminsed experimentally. Lemoun dimensions reedti
.J A Newel 1963 1 p Mspor from Phys Med Sellinglaindi. off t"r computed tamelfrgaature profilse at th measured lesion
v I. no3. 1963 p 24 1 boundary temperature are comipared with exmperimsintal data.

Trhe physical aspects of ultrasound are briefly diacusaied, and Within the orsonip of ultrasonic parameterf used in this study,
k'relevant formulae and constants used in the generation and thet development of lesions in the brain ame earlarned by thermal

propagation of sound energy in venious. human arnd anrimal tissues mechanisms A cat brain was uriedi
are given Methods of measurement and some passarble hazards
are mentioned. but the main emnphass is on diagnoostic and SR I
surgical application of ultrasound Treatment of Menienses and ANIMAL TORWATY STUDIES WIY" ULTRASOUND AT
Paorkinsons diseases by higth-intensiaty utrasound are discussed DIANOSTIC POWER LEVELS
and low-inteinsityr applications in brisn. heart and eye are M G Smyth 1960 1 p
sinogleid out for detailed description Although controlled application
of ultrasound is relatively new, all the evidence seems to prove 7-le
its great value in medicine. and the author concludes with CONCISE PHYSICS OF ULTRASOUND AS A59USD IN
suggestions about its fulowre developiment OPHTHALMOLOGY

A Sokollu 1969 1 p Repr from Int Ophthalmol. Clin. v 9.
1969 po 793-928

ULTRASONICS IN macmCINE
J1 A Newell Doec 1967 1 p ltepr from Electron Power 7505103
ifinglandl. v 13. Dec 1967 p 449-451 ACOUSTICAL IMAGING OF BIOLOGICAL TISSUDE

The scientific and technological tools of industry often find F L Thurstonst Jul 1970 1 p Repr. from IEEE (Inst Elec
application in medicine, ultrasonics is no exception It is used a! Electron. Eng I. Trans Sonics Ultrasonics. v. Su-117, no 3. Jul
h-gh intensities for the treatmrent of certain conditions. end at 1970 p 154-157
intermediate intensities for physiotherapy treatment At tow" In antr imaging system the subjective quality and in tum
intensiries it has a range of uses, all similar to the industrial the usefulneass of the system is dependent upon the information
application of nondestructive resting, all are e~ssentially diagnostic detection, processing. and display procedures that are employed.

years for the purpose of imaging biologwiii tissue structures using

EXPERIMENTAL STUDY ON ULTRASONIC ATTENUATION clinical and research a~plicab~ity of these techniques has not

IN THE @MAIN become wideispread because oft the limited diagnostic usefulness

Hidernobu Oshibuchi 1972 1 p Repr from Acta Med Nagasaki of the images Several image factors that influence the diagnostic
IQapsn). v. 15, no 1-4. 1971 p 26-48 usefulness of ultrasound images are discussed.

Anexperimental study was made in rabbits to determine
raiisigfactors and the method of participation in ultrasonic 75-GOM0 Naval Medical Research Inst., Bethesda. Md.
atnainchanges in this brain Bilateral ligatiorn of the juagular ULTRASOUND DOSAGE PON EXffRMENTAL USE ON9

ven.auto- rebreathing of exhaled gas. blockage of carotid HUMAN ailing$
b~idNwand physiological salt solution injection upon puncture W D Ulrich Aug. 1971 1 p

ofteposterior cistern were th ehd1sdTh eaino A0731075, NVE-400-00X92
brain H120 content, cerebral blood flow and CSF cerebral spinal
fluid) pressure changes with ultrasonic attenuation change was
studied Either decrease or CSF pressure increase participated
with ultrasonic attenuation increased Either brain H120 content

increase, cerebral blood flow increase or CSI pressure drcripase

participated when ultrasonic attenuation decreasedI

EFFECT OF HIGH-FREQUENICY NOISE ON MAIN
R Reinhold. K Rosche and W Werner Jut 1972 1 p Repr

from Z Gesemte lHyg (West Germany). Y 18 J-.1 1972p 485 48
7&-003=0 Massachusetts Inst of Tech. Cambridge
AN ANALYSIS OF LESION DEVELOPMENT IN THE BRAIN
AND IN PILASTICS BY HIGH-INTENSITY FOCUSED -
ULTRASOUND AT LOW MEGAHERTZ
T CRobinson and P P Lele 1972 1ip Repr from J
Acoust Soc Amer. v 51. 4 pt 2, 1972 p 1333-1351

Thermal factors iors believed !o play a dominant role in the
development of the structure! and functional effects of irradiation
of the nervous system with focused ut1iasound at low-MHz
freoueinciee Similar mechanismns are post' lated to undferline the
effe-'s of irradiation in methacrylate. fre.4uentlyo used as a test
materiel This study was undertaken ro determine if thermal
mechanisms alone can explain the development of trackless focal
alteations (lesions) and all of their measurable characteristics n
plastic as well as in brain A purely thermal model is assumed
and analytical prediction of lesion development and lesion size
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Iuring the last 25 years there has been a remarkable development and increase in the
Snumber of processes and devices that utilise or emit non-ionizing radiation which includes
ultra-violet, visible light, infrared, microwave, radiofrequency, ultrasound. Such devices are
used in all sectors of our society for military and industrial, telecommunications, medical
and consumer applicatior.s. Although there is information on biological effects and

:,• potential hazards to man t'ronm exposure to these energies, considerable confusion and mis-

intformation has permeated not only the public press but also some scientific and technical
puhlications. Much of the confusion stems from misunderstanding of the fundamentals of
knergy-tissue interaction, threshold phenomena, personnel exposure and product emission
standards, such as those promulgated in the United States and adopted by the Western
Countries and Japan in contrast to the personnel exposure criteria of Eastern European
Countries. This series of Lectures by experts in the field provides a scientifically accurate,
authoritative review and critical analysis of the available information and concepts to give
a basis tor informed judgements and judicious application of these energies for maximal
benefit and minimum risk or hazard to wlan.
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